a 7 7 } / ) ; ( r 
OCS STUDY MMS 87-111 


Final Report 


Measurement of Vertical Turbulent Dispersion and Diffusion 


of Oil Droplets and Oiled Particles 


prepared for 


U.S. DEPARTMENT OF THE INTERIOR 
MINERALS MANAGEMENT SERVICE 


Anchorage, Alaska 
Contract No. 14-12-—0001-—30268 


\ . 

Engineering Hydraulics, Inc Delft Hydraulics Laboratory 
Redmond, Washington Delft, The Netherlands 
Project No.438—- 005 Report No. Z 75-2 


December 1987 


c 


| | OCS STUDY MMS 87-111 
| a |_| Be fa, daar 
a SEN acta Nea 


Final Report 


Measurement of Vertical Turbulent Dispersion and Diffusion 


of Oil Droplets and Oiled Particles 


by 


G.A.L. Delvigne® (principal investigator) 


J. A. van der Stel* 


C.E. Sweeney ** (project manager ) 


** Engineering Hydraulics, Inc *Delit Hydraulics Laboratory 
Redmond, Washington Delft, The Netherlands 
Project No.438 -— 005 Report No. Z 75-2 


December 1987 


OCS STUDY MMS 87-111 


Final Report 


Measurement of Vertical Turbulent Dispersion and Diffusion 


of Oil Droplets and Oiled Particles 


This study was funded by the Minerals Management Service, 
U.S. Department of the Interior, under Contract No. 14-12-0001-30268 


Disclaimer: The opinions, findings, conclusions, or recommendations expressed 
in the report are those of the authors and de not necessarily reflect the 
views of the U.S. Department of the Interior, nor does mention of trade names 
of commercial products constitute endorsement or recommendation for use by the 


Federal Government. 


by 
Engineering Hydraulics, Inc Delft Hydraulics Laboratory 
Redmond, Washington Delft, The Netherlands 
Project No.438 — 005 Report No. Z 75-2 


December 1987 


ABSTRACT 


This study is part of a research program to develop mathematical models 
for the transport of spilt oil and the interaction of oil with suspended 
particulate matter (SPM) in the sea. The present laboratory experiments 
were conducted to provide the mathematical models with empirical data on 


oil dispersion and oil-SPM interaction. 


Empirical relations and data were obtained for the following processes: 

a) break-up of surface oil films into droplets, and intrusion of droplets 
in the water column, due to breaking wave effects, 

b) break-up of submerged oil parcels (submerged leak) into droplets due 
to turbulence in the seawater, 

c) interaction between oil droplets and SPM. 

The experiments were performed in three different laboratory facilities: 

(1) a grid column for experiments on submerged oil and oil-SPM interac- 

tion, (2) a small-scale wave flume for extensive series of experiments on 

dispersion of surface oil, and (3) a large-scale wave flume to relate the 

small-scale results te fiald conditions. (The large wave flume is almost 

full scale with waves up to 2 metres). The experiments were conducted in 

different conditions with respect to oil type and weathering state, SPM 


type, turbulence level and breaking wave energy, salinity and temperature. 


The oil-SPM experiments led to mainly qualitative results on the influence 

of various parameters on the interaction process. The experiments on the 

break-up of surface oil films due to breaking waves led to the following 

quantitative relations: 

a) an empirical relation for the entrainment Q, as a function of the 
breaking wave energy, film thickness, oil type and temperature. 

b) a droplet size distribution as a function of these parameters. 

c) intrusion depth related to wave height and bore height. 

The experiments on submerged oil in a turbulent ambience resulted in re- 

lations for the droplet size distribution in dependence of various para- 

meters. The empirical relations can be used in mathematical models with 


given hydrodynamic conditions and breaking wave statistics. 
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List of Srmbols 


units 
°C centigrade 
cSt centistokes 
J Joule 

8 gram 

kg kilogram 

m metre 

ym micron 

N Newton 

s second 


Zo =3E.—ds per -_thousand 


a wave amplitude m 
A surface area m? 
Avrid grid oscillation amplitude m 


C,C),C9 constants in various equations - 


C, oil concentration (ppm) g/m? 
C, silt concentration (ppm) g/m? 
Ca drag coefficient as 

cy phase velocity of wave m/s 

Chore bore propagation velocity of breaking wave m/s 

d, oil droplet size ym ,m 

dain minimum oil droplet size um ,m 
dnax maximum oil droplet size um ,m 

deo averaged oil droplet size pm ,m 

qd. silt particle size ym ,m 
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oil droplet size distribution 


dissipated energy from breaking wave per unit width 


dissipated energy from breaking wave per unit area 


energy 


breaking wave energy dissipation rate per unit width 
hydraulic jump energy dissipation rate per unit width 


energy dissipaticn rate per unit volume per unit time 


force 
wave frequency 


grid oscillation frequency 


fraction of surface covered by white-caps per unit 


time 

gravity constant 
water depth 

wave height 
breaking wave height 
bore height 

oil layer thickness 
wave number 

wave length 

bore covered length 
scaling factor 


number of droplets 


number of oil droplets in an interval Ad around dos 


with Ad~d 
° 


number of oil droplets in a unit size interval 


around d, 
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Ad 


o/s 


parameter defined in Equation (V.2) 

organic carbon content (relative per weight) 
oil-silt weight ratio 

breaking wave energy flux per tnit width 
integrated power spectrum 

mass of oil entrained per unit surface area per 
breaking event 

mass of oil entrained per unit surface 

area per unit time 

mass of entrained oil per breaking event 
salinity 

fraction of surface covered by oil 

time 

grid oscillation time 

time of wave breaking 

time of measurement after start of grid oscillation 
or after breaking wave event 

characteristic time scale of breaking-wave turbulence 
temperature 

wave period 

characteristic time scale of breaking-wave 
turbulence (Eq. V.15) 

flow velocity 

cart velocity 

wind speed 


volume 
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°c 


volume of dispersed oil droplets with droplet 
in the interval fd, to d, 


volume of dispersed oil droplets with droplet 


sizes smaller than d, 

total volume of dispersed oil droplets 
terminal velocity, fall velocity 

horizontal length coordinate 

vertical length coordinate 

intrusion depth of oil droplets due to brea- 
king wave 


depth below the water surface 


breaking wave constant ( a = E,,/Ey, 3) 
Kolmogorov length scale 
water level elevation 


diffusion coefficient 


sizes 


coefficient for diffusion in vertical direction 


kinematic viscosity of oil 
kinematic viscosity of water 
angular velocity 

density of oil 

density of silt 

density of water 

density difference 

oil surface tension 

water surface tension 


oil-water interfacial tension 
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(10° est) 


EXECUTIVE SUMMARY 


Introduction 


The purpose of the study on “Vertical Turbulent Dispersion of Oil Droplets 
and Oiled Particles" was to make available experimental laboratory mea- 
curements on the effects of turbulence on oil droplet size, vertical dis- 
persion and diffusion rates for droplets and oiled particles, and the 
resulting oil distribution. The project was part of a series of studies to 
develop mathematical models for transport of spilt oil in the surf zone 
and for the interaction of oil and suspeuded particulate matter. The pre- 
sent laboratory experiments were designed to provide the mathematical 


models with empirical data. 


The investigation was divided into the literature review, addressed in the 
Interim Report (Delvigne et al., 1986), and the experimental laboratory 
investigation reported in this document. The study has led to the 
preparation of a scientific paper, given in Appendix B. 


The laboratory study dealt with the following dispersion processes: 

a) break-up of surface oil films into droplets and penetration into the 
water column due to breaking waves, 

b) break-up of oil parcels from a submerged leak into droplets due to 
turbulence in the water flow, 

c) diffusion of oil droplets, 


d) interaction between oil droplets and Suspended Particulate Matter 
(SPM). 


The dispersion processes were investigated varying the following 
parameters: 

a) oil type and weathering state 

b) oil concentration and surface film thickness 

c) SPM type and concentration 

d) turbulence level 


e) water depth 
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f) water temperature. 


The laboratory investigation was bound to include the translation of the 
empirical results to field situations. The laboratory-field translation 
was obtained and/or checked by specific experiments. The following three 
laboratory facilities were chosen for the performance of the experiments 
taking into account the measurement capabilities, the necessity of scaling 
and the eventual need of laboratory-field translation: 

a) grid column (4 m high, 0.3 wide). Turbulence was generated by an oscil- 
lating grid. The energy levels and structures of the important small- 
scale turbulent eddies are equal in the column and in field conditions. 

b) Oil Flume (15 m long, 0.5 m wide, 0.43 m water depth). Breaking waves 
with a height of 0.2 m were generated by a wave board. The waves were 
scaled to considerably smaller values than in field conditions. 

c) Delta Flume (200 m long, 5 m wide, 4.3 m water depth). Breaking waves 
were generated on (almost) field scale. 


Comprehensive series of measurements were conducted in the relatively 
easily manageable grid column and Oil Flume, while a restricted program 
was performed in the large Delta Flume to derive scaling factors for the 
laboratory-field translation. 


Effect of Turbulence on Oil Droplet Size 


The mechanical action of breaking waves and turbulence in seawater causes 
spilt oil to break-up into small droplets and the droplets to diffuse in 
the water mass. The influence of different turbulence energy levels on the 
oil droplet size, d,, was investigated by experiments in the grid column. 
The oscillating grid generated homogeneous turbulence in the column. The 
small-scale structures of the turbulence, responsible for the break-up of 
oil droplets (and also for the collisions of particles in the oil droplet 
- SPM interaction process), were similar and with equal energy levels in 
the column and in field conditions. The measurements of droplet size in 
the turbulent ambience in the grid column were conducted with unscaled 


field conditions o*” relevant parameters. The following parameters were 
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varied in the grid column experiments: 

a) oil type: Prudhoe Bay oil (PB) and Ekofisk oil (Eko) with 
relatively high and low viscosities respecti- 
vely, 

b) oil weathering state: unweathered PB oil (PB,), weathered oil by 3 day 
and 10 day evaporation (PB,, PB),), and emulsi- 
fied oil (PB.), 

¢) turbulence level: turbulence energy dissipation rate per unit 
volume, e, from 0 to 3500 3/ms (The high energy 
levels correspond with the energy diss.pation in 
breaking wave bores in field conditions), 

d) turbulence duration: terid - 5 s for simulation of the short-duration 
turbulence of a breaking wave, and terid = 600 s 
to obtain a steady state droplet size distri- 


bution, 
e) temperature: T= 4 to 20°C, 
f) water salinity: from fresh water to seawater conditions, 
g) oil phase: surface oil film and submerged oil lumps. 


The droplet size distributions, d.(f), in these series of measurements 
were measured with a Laser-Beam Particla Sizer (LPBS). In the course of 
the study it appeared that in practice the maasurable droplet size range 
was from about 50 wm until 2000 um. Smaller droplets were certainly pre- 
sent but were not measured with the LBPS. (Small droplets were measured by 
microscope in later series of experiments). The measurements with the LBPS 
were therefore used mainly to determine the influence of various para- 


meters on the mean droplet size, dso» and on the maximum droplet size, 


A part of the experimental results is given in Figure ES.1. The deg and 
duax measurements are given as a function of the oil viscosity for diffe- 
rent turbulent energies, oil types, weathering states and temperatures. 
The measurements led to the following conclusions: 


a) dso and dnax depend on the oil viscosity, Yo" according to the empiri- 


cal equation: 


- 23 - 


A Me 


DROPLET SIZE. degli wm) 


100 + - 
4 “ 
4 - 
“ - 
- - 
50 - al 
4 1480 s o ; 
rose -_ @ 
“ “ 
« ; PB om - 
Sa 
* “ss 
won. 
i rae y Me S| bo 
2 $= 4 2 -> e- TON an 
© 1s 4 
i i 7 7 a a a “—_ 
5 10 $0 100 


OlL VISCOSITY v, (10-*m?rs. est) 


a) Mean droplet size dso versus oil viscosity with different 
turbulent energy levels e, and turbulence duration terid. 


. 
10 , 
® 
‘ $ 4 a 
Fy a 
i, 
> 4 
? 4 
10" 
$4 
On TYPE tore 
94 $s 6s 
ra “-*@<--< ---O--- 
0 4 Ere ~ ~~ 
—_—, . - 


°o 
-_- 
Si 


—» @liim’s) 


b) Maximum droplet size dax Versus turbulence energy e. 


FIGURE ES.1 Measurements on break-up of submerged cil in 
turbulent ambience 
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b) 


c) 


d) 
e) 


d d -v (ES.1) 


50’ “max ° 

dso and d_. depend on oil type, weathering state and temperature only 
as far as these parameters inf.uence the viscosity V5" 

Equation (ES.1) is supported by measurements in the viscosity range 
“- 8 to 200.10°° m*/s (8 to 200 cSt) and cannot be applied to the 
data of high-viscous emulsified Prudhoe Bay oil where the viscosity 
shows a non-newtonian behaviour. 

dco and d... depend on the turbulence level according to: 


io due « ™ (ES.2) 


50’ “max 
Equation (ES.2) is valid in a high-turbuience ambience where addition- 
al break-up due to shear on the rising buoyant droplets is negligible. 


The droplet sizes depend on the turbulence duration t a A steady- 


ri 
state droplet size distribution was obtained after heme 25 minutes. 
Consequently, the droplet size distribution due to a short-duration 
breaking wave is not a steady-state distribution. 

The droplet sizes are independent of the water salinity. 

The droplet size distribution is independent of the initial oil phase, 


either consisting of a surface oil film, or submerged oil parcels. 


Oil - SPM Interaction 


Dispersed oil droplets may interact with suspended particulate matter 


(SPM) in the ocean. Laboratory experiments were conducted to investigate 


the following oi1-SPM interaction phenomena: 


a) 
b) 
c) 


d) 
e) 


equilibrium time for the interaction, 

oil content of oiled particles, 

preference for specific oil droplet sizes in the interaction proces- 
ses, 

oil composition in oiled particles, 


flocculation characteristics. 


- 25 - 


The experiments were performed in saline water conditions in the grid 
column, with two types of oil (Prudhoe Bay and Ekofisk), two weathering 
states (PB, and PB,), two types of particulate matter (kaolinite without 
organic carbon content, and natural Waddensea particulate matter with 
organic carbon content OCC = 7 percent), and with varying turbulence 


energies and turbulence duration (one minute to three hours). 


During the experiments, water samples were removed from the grid column 

and poured in separatory funnels. Separation took place in: 

a) phase I, buoyant matter, consisting mainly of oil (SPM-coated oil 
droplets), 

b) phase II, matter still in suspension after a stationary period of 
twenty hours, | 

c) phase III, sedimented matter consisting mainly of silt (oiled sedi- 
ment). 

The three phases were analyzed for chemical composition by gas chromato- 

graphy (GC). Moreover, samples were removed and collected in sample cells 

for microscopic observation in the fluorescence-microscope apparatus. This 

apparatus made use of a UV light source to distinguish the fluorescent oil 


droplets from the non-fluorescent SPM particles. 


The following conclusions were drawn from visual microscopy: 

a) Oi1-SPM interaction phenomena ranged from "oil droplets coated with 
SPM particles", to “oil droplets incorporated in SPM flocs". The 
buoyant, neutral or negatively-buoyant behaviour of an agglomerate 
depends on the oil-SPM ratio in the agglomerate. 

b) The oil in oiled sediment consisted apparently of discrete droplets. 
The droplets observed in negatively-buoyant agglomerates were always 
in the size range | pum < qd. < 60 um, where 1 pm was the limit of 
observation with the applied equipment. The size distribution of oil 
droplets in the agglomerates was not significantly variable in experi- 
ments with different oil types, SPM types and turbulence levels, and 
neither was the SPM coating of buoyant oil droplets. 
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GC analysis of the oiled sediment led to the following conclusions: 

c) A steady-state in the oil-SPM interaction experiments was obtained 
within 20 minutes with kaolinite SPM, but was not obtained within 
three hours (= maximum duration of the experiments) with Waddensea 
SPM. 

d) The oil content in the sediment was linearly proportional to the ap- 
plied oil volume. The oil content was less in conditions with low 
concentrations of oil and SPM where, apparently, the low particle col- 
lision probability restricted the interaction. 

e) Increasing turbulence level led to increasing oil/silt (o/s) ratio in 
the sediment probably due to (1) increasing number of small oil drop- 
lets, (2) increasing collision probability, and/or (3) different floc- 
culation behaviour. 

f) The ranking of oil for oil adsorption on silt depends on the type of 
silt. PB and Ekofisk were equally adsorbed by kaolinite, but Ekofisk 
was considerably better adsorbed by Waddensea silt. 

g) The weathered PB; oil was more adsorbed by SPM than the unweathered 
PBy oil. 

h) Oil adsorption by Waddensea silt was considerably more dependent on 
variables (e.g., type of oil, turbulence level) than the oil-kaolirite 
interaction. 

The purpose of the oil-SPM interaction experiments was to obtain data on 

the oil1-SPM agglomerates, in particular with respect to buoyancy and floc 

size. These parameters are of great influence on the vertical motion of 

Oiled particles in a turbulent ambience and, ultimately, on the sediment~ 

ation on the sea floor. The fundamental grid column experiments were to be 

proceeded by flume experiments with breaking waves. However, consider- 
ations on the collision probability in the laboratory facilities (due to 
turbulence), and in the sample cells (due to differential settling) deter- 
mined that considerable oil-SPM interaction would take place in the sample 
cells. Moreover, emulsification of the surface oil during a flume experi- 
ment and other aspects of the present measurement procedures would hamper 
the determination of a relation between the measured interaction data and 
a well-defined set of parameters. The intention of conducting oil-SPM 


interaction experiments in a wave flume was therefore abandoned. 
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Oil Dispersion due to Breaking Waves 


Performance of small-scale experiments 


Experiments were performed in the small-scale “Oil Flume", 15 m long, 

0.5 m wide, and with a water depth of 0.43 m. The experiments concerned 

the effect of breaking waves on a surface oil film. The following para- 

meters were measured: 

a) dispersed oil mass relative to the mass of the surface oil slick (en- 
trainment Q), 

b) droplet size distribution d,(f) of dispersed oil droplets, 


c) vertical intrusion of oil droplets in the water mass (z;). 


The flume was equipped with a programmed wave generator. Seven wave trains 
were selected, characterized by a specific wave height and energy dissi- 


pation of the (single) breaking wave. 


Oil was poured onto the water surface in the test section of the flume 


resulting in an oil film with a thickness h, (h. = 0.6 mm in most experi- 


° 
ments). The entire path of wave breaking was located in the area covered 
by the oil film. The intrusion depth of the oil droplets due to breaking 
wave turbulence was observed by taking photographs of the oil droplets (or 
dye initially sprayed in the water surface) shortly after the wave 


passage. 


In a first series of experiments, the droplet size distribution was mea- 
sured in-situ with the LBPS in the 50 wm to 2000 um size range. In a 
second series of experiments, samples were withdrawn and d,(£) was deter- 
mined by droplet counting from photographs and direct microscopic obser- 
vation of droplets in the sample cell. The design of the fluorescence- 
microscope apparatus enabled routine measurements of small droplets down 
to qd, - 3 um. The LBPS in-situ measurements as well as the sampling took 
place at different depths below the water surface, and at different times 
ta after the passage of the breaking wave. The horizontal locations of 


LBPS measurements were fixed, but the samplers for microscope observation 
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were moved by a carriage along the flume to enable sampling during 

traversing of the entire length of the oil droplet cloud. The latter 

method enabled the determination of the total amount of oil dispersed by a 

breaking event. ; 

Experiments were performed with the following variables: 

a) oil type: Prudhoe Bay (PB) and Ekofisk oil, 

b) weathering state: PB, and PBio, 

c) seven breaking waves with different energy dissipation: the total 
energy dissipation and the energy dissipation rate per unit surface 
area were measured, 

d) temperature: T = 2, 8 and 15 °C, 

e) oil layer thickness h, = 0.2, 0.6 and 1.2 m. 


Performance of large-scale experiments 


Seme of the small-scale flume experiments were also performed in the 
large-scale "Delta Flume", with a length scaling factor of n, = 10 com- 
pared to the Oil Flume. This means that the water depth was increased from 
0.43 to 4.3 m, and the wave height, for example, from 0.2 to 2 m. In many 
respects, the experiments in the large flume can be considered as full 


-scale experiments. 


The large flume was equipped with a wave generator similar to that in the 
small flume. The wave generators were steered by the same wave train sig- 


nals, with an amplitude scaling of a, * 10 and a wave period scaling 
nn, * 10%, 


The experiments were as similar as possible to the small-scale flume ex- 
periments. The same droplet sampling system was used for microscopic 
determination of the droplet size distribution. Other samples were removed 
for oil concentration measurements with infrared spectroscopy. The varied 


parameters were the type of oil (PBo and Ekofisk) and the breaking wave 
energy. 
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Results of the Oil Dispersion Experiments 


The grid column oil break-up experiments, and the small-scale and large- 
scale flume experiments led to the following empirical relationships for 
the oil entrainment Q, droplet size distribution d,(£), and intrusion 
depth Zi» which were valid for the applied conditions. 


The droplet size distributions in all experiments followed the relation: 
=~ -2.3 
N,,(d,) d, (ES.3) 


where N.(d,) = number of droplets in a unit droplet size interval Ad 
around d, (e.g., interval d, - %Ad to qd. + had). 

This distribution is valid in all conditions for droplet sizes down to at 

least d, = 3 um (limit of routine measurements). The largest droplet size, 

duax (generally of the order of magnitude of 1000 um ), depends on oil 

characteristics, turbulence level, and resurfacing and diffusion 


mechanisms. 


Equation (ES.3) implies that the following equation is valid for the 


relative volume of dispersed oil as a function of the size classes: 
V,(d,) = 1.45 v(d,) (ES.4) 
with V(d,) = volume of oil droplets in the size interval 0.5 d, to 1.0 d, 


V,(d,) = volume of oil droplets smaller than d.. 


Equation (ES.4) indicates a rapid volume decrease for smaller droplets. 


Breaking wave turbulence caused an oil droplet intrusion depth zi 
according to the following empirical equations: 


z, = 3-4 Dore 
with H, = wave height and Mbore = bore height of the breaking wave. 
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The number of droplets and the droplet size distribution are homogeneously 
distributed over the depth within z,; as far as the smaller droplet size 
classes are concerned, while inhomogeneities arise for larger droplets due 


to resurfacing. 


The entrainment Q (kg/m) is defined as the dispersed oil mass in the 

water column per unit surface area per breaking event. Q depends strongly 

on the time t,, after the passage of the breaking wave due to resurfacing 
of big droplets. Therefore, the following description of Q and droplet 
size distribution d.(f) is adopted: 

a) d(£) is homogeneously distributed over the intrusion depth z, for 
small droplet size classes not (yet) disturbed by resurfacing of drop- 
lets. 

b) the relative d.(f) distribution for small size classes is given by 
Equation (ES.3). Initially, immediately after the breaking event, Eq- 
uation (ES.3) is assumed to be valid up to infinitely large droplets. 

c) Absolute values of N(d.) in given circumstances are required for one 
or more small droplet size classes fulfilling the homogeneity 
condition described in paragraph @. Empirical data are presented in 
this study. 

d) the stability and vertical diffusion of the small oil droplets and the 

| resurfacing of large droplets in the residual turbulence conditions of 
the ambient flow after the breaking wave must be calculated starting 


from the conditions described in paragraphs a,b,c. 


The grid column simulated the break-up of submerged oil (submerged spill). 
In this case, d nax depends on the turbulence level in the ambient water. 


Measurements of d.., values are given in Equations (ES.1) and (ES.2) and 
shown in Figure (ES.1b), for different oil types (PB) and Ekofisk) and 


different turbulence levels. 


The oil entrainment rate per droplet size class Q-(4,), due to breaking 


waves, can be described empirically by: 


Q.(4,) = Clo) D,,°°9? Soo. Pye do0"” ad (ES.6) 
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where 

Q-(d,) = mass of entrained oil droplets in a size interval Ad around 
the droplet size d, (interval di - had to d+ % Ad), per 
unit surface area (m*) and per unit time (s), 

Dae = breaking wave energy dissipation per unit surface area in a 
breaking event, 

s = fraction of (sea) surface covered by oil (0 < 3... $1), 

Fc = fraction of surface covered by breaking waves ("white- caps") 
per unit time, 

Clo) = proportionality constant, depending on oil type, weathering 


state and temperature. 


Equation (ES.6), with the empirical Doe exponent 0.57, was valid over a 
wide range of breaking waves in both the small-scale and large-scale 


experiments, where D,, varied with a factor of 900. 
Empirical values of C(o) for various oil types are: 


C(PBo) = 840 
C(PBig) = 510 (ES.7) 
C(Ekofisk) = 1800 


The values in Equation (ES.7) are valid if Q,(4,) is expressed in kg/m*s, 
D,, in J/m*, FY, ins /, and d, and Ad in m. 


The values of C(o) in Equation (ES.7) were derived from experiments per- 
formed at a water temperature of about 13°C. The influence of the tempera- 
ture on Q-» as far as it could be derived from the experiments carried out 
in the range of 2°C to 15°C, could be expressed by using the viscosity 


v, as a characteristic parameter: 


-1 
Clo) ~ vo (ES.8) 


The oil entrainment Q, due to breaking waves, appeared independent of the 


oil surface layer thickness ho» within the applied values hy = 0.2 to 
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1.2 mm. The maximum droplet size d ax 


No empirical data are available for very thin oil surface films where the 


can be considerable larger than h,- 


total entrainment Q is restricted to the volume of the surface slick. It 
is suggested that one assume oil droplet dispersion according to the given 
empirical relations from the smallest size class until the size class 
where Q equals the surface slick volume. Actually, this principle can be 
applied for all film thicknesses. For large thicknesses, the large droplet 


sizes computed in this way resurface quickly. 


The empirical relations and coefficients for dispersion of oil due to 
breaking waves and/or turbulent seawater conditions can be applied in 
mathematical models where the hydrodynamical conditions of the sea are 
known. The hydrodynamical conditions must include the statistics on 
breaking waves on the sea surface (probability of breaking, breaking wave 
energy dissipation), and the advection and diffusion characteristics, and 


turbulence energy level of the flow field. 
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I. INTRODUCTION AND OBJECTIVES 


The purpose of the study on “Vertical Turbulent Dispersion of Uil Droplets 
and Oiled Particles" was to make available experimental laboratory 
measurements on the effects of turbulence on oil droplet size, vertical 
dispersion and diffusion rates for droplets and oiled particles, and the 
resulting oil distribution. The project was part of a series of studies to 
develop mathematical models for transport of spilt oil in the surf zone 
and for the interaction of oil and suspended particulate matter. The 
present laboratory experiments were designed up to provide the 
mathematical models with empirical data. 


The present investigation was divided into three tasks: 

- Task A: Literature review, to collect, review and discuss the useful 
knowledge for adequate performance of the laboratory measure- 
ments. The literature review was reported in the Interim Report 
"Research on vertical turbulent dispersion of oil droplets and 
oiled particles, literature review". (Delvigne et al., 1986). 

- Task B: Turbulence effects on oil droplet size. Laboratory investiga- 
tion to determine the effects of turbulence on the oil droplet 
size as a function of the following variables: 

a) oil type and weathering state, 

b) level of turbulence, 

c) water depth, and 

d) water temperature. 

The level of turbulence and water depth were related with ocean 
conditions from near-calm to storm-driven waves and currents in 
the near-shore and surf zone. 

- Task C: Turbulence effects on vertical dispersion, diffusion and 
distribution. Laboratory investigation to determine the effects 
of turbulence on dispersion and diffusion of oil particles, on 
the interaction of oil with suspended particulate matter (SPM), 
and on the diffusion of oiled particles. The following varia- 


bles were treated: 
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a) oil type and weathering state, 

b) oil concentration and surface film thickness, 

c) SPM type and concentration, 

d) turbulence level, 

e) water depth, and 

f) water temperature. 

The turbulence level and water depth were related with any 
given ocean conditions. 


The laboratory investigation (Tasks B and C) is addressed in this report. 


In other words, the laboratory experiments in the Tasks B and C dealt with 

the following processes: 

a) break-up of coherent oil surface films into oil droplets and penetra- 
tion of the droplets in the water column due to the action of breaking 
waves, 

b) break-up of oil parcels from a submarine leak into oil droplets due to 
turbulence in the water flow, 

c) diffusion of oil droplets, and 

d) interaction between oil droplets and suspended particulate matter. 


All these processes were studied relative to the aforementioned variables. 


The laboratory investigation was bound to include the translation of the 
empirical results to field situations for those processes that were de- 
pendent on parameters scaled from field to laboratory dimensions. The 
laboratory - field translation was obtained and/or checked by special ex- 


periments. 


It is evident that much attention must be paid to the turbulent energy 
levels and the turbulent structures in field conditions and in the 
laboratory facilities. Turbulence plays major roles in many processes to 
be studied: 

a) break-up of oil droplets due to turbulence-induced shear 

b) ofl-SPM interaction and coagulation of oil droplets due to turbulence 

induced collisions between the particles 
c) turbulent diffusion of oil droplets and oiled particles 
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d) break-up of coherent surface oil layers by the turbulence of a brea- 
king wave. 

It is well-known that turbulence can be described in terms of eddies with 
different sizes. The scale of the largest eddies is of the order of the 
dimensions of the water system (e.g., water depth). The energy in the 
energy-containing large eddies is transferred via smaller eddies (eddy 
cascading) to the smallest size classes where the energy is dissipated 
ultimately into heat under the influence of viscosity. (Batchelor, 1953). 
The smallest eddies are in the order of the Kolmogorov dissipation 
length ny given by: , 


n° — (1.1) 


where ¥ ° kinematic viscosity of water 

y, © density of water 

e = energy dissipation rate per unit volume 
ny is usually in the millimetre range. 
The transport of turbulent energy via the eddy czscade, and Equation (1.1) 
implies similar small-scale eddy structures in different water systems if 


the energy dissipation rates e are equal. 


Particle collisions and break-up of oil droplets (and SPM flocs) are due 
to Brownian motions and differential settling (collisions), shear due to 
fall velocity and rise velocity (break-up), and shear due to velocity 
gradients caused by turbulence. The small size cf the droplets and partic- 
les considered imply that the high velocity gradients (over a short dis- 
tance) induced by the small eddies give the dominant contribution of the 
turbulence to the collision and break-up probabilities. This is shown by 
Camp and Stein's (1943) relationship for the collision frequency in 
turbulent flows which indicates that the frequency is proportional to e* 
as far as the turbulence is concerned, and as discussed before, the value 
of e gives an indication of the small-scale eddies only in the turbulent 


structure. 


The turbulent diffusion of oil droplets and SPM particles is mainly caused 
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by the largest eddies in the system because these eddies transport the 
particles over the greatest (and irregular) distances. The break-up of 
coherent surface oil layers and the intrusion of the oil parcels in the 
water column by breaking waves ig a complex of processes where probably 


all eddy size classes in the breaking waves play important roles. 


Whether or not the small-scale eddies, the large-scale eddies or the 
breaking waves must be scaled from field to laboratory values is important 
to the relevant processes to be studied. 


Accordingly, it wae important to keep parameters on field conditions as 
much as possible in order to reduce the translation from laboratory to 
field conditions. It appeared possible to reproduce the following 
parameters under similar conditions in the ocean and in the laboratory 
facilities: 
a) oil type, 
b) ofl weathering state, 
c) thickness of oil surface fila, 
d) SPM composition and rcarticle sizes, 
e) water temperature, 
f) water salinity, and 
g) energy level of small-scale turbulent eddies (this parameter could 
be varied using field values in two of the three laboratory 
facilities used). 

On the other hand, the following parameters must be scaled to laboratory 

values: 

a) water depth, 

b) breaking waves: scaling of wave height, wave period and energy dis- 
sipation (the scaling of the energy dissipation leads to a reduction 
of the energy level of the small-scale turbulent eddies), 

c) large-scale turbulent eddies. 


The following three iaboratory facilities were chosen for the performance 
of the experiments, taking into account the measurement capabilities, the 
necessity of scaling and the need of translation of the results to field 
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conditions: 


a) 


b) 


c) 


Grid column. 

Turbulence was generated in a 4 m high and 0.3 m wide cylindrical 
column by means of an oscillating grid. It was possible to keep the 
energy level of the small-scale turbulent eddies in the column at 
values equal to those in field conditions, including the high energ™ 
level due to breaking waves in the field. 

The Task B experiments on the turbulence effects on the oil droplet 
size distribution were performed in the grid column; the experiments 
are described in Section III. A series of oil droplet - SPM 
interaction experiments (part of Task | ‘as also performed in the 
columr, and is described in Section IV. A.l important parameters could 
be kept at field values in the experiments carried out in the column. 


Small wave flume ("Oil Flume"). 

A small wave flume was used for most experiments on the effect of 
breaking waves on surface oil layers. The flume was 15 m long, 0.5 m 
wide, and had a water depth of 0.43 m. The wave heights of the 
breaking waves were of the order of magnitude of 0.2 m. The water 
depth and breaking wave parameters were scaled to considerably smaller 
values as compared with field conditions, including the energy level 


of .he small-scale turbulent eddies due to breaking waves. 


Experimental data were obtained on the break-up of coherent surface 
oil films, the intrusion of oil into the water column, and the break- 
up of oil parcels into small oil droplets, due to the breaking-wave 


turbulence. The experiments are reported in Section V. 


Large wave flume ("Delta Flume"). 

A limited number of experiments were performed in a large wave flume 
to investigate oil dispersion at field scale or almost field scale, 
and to derive the translation relations for the extensive series of 
experiments in the small wave flume to field conditions. 


The flume was 200 m long, 5 m wide and had a water depth of 4.3 m. The 
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wave heigths of the breaking waves were of the order of 2 m. In many 
respects, the Delta Flume experiments coulc be considered as field 
experiments. The experiments are reported in Section VI. 


The experiments in the grid column, small wave flume and large wave flume 
were conducted with partly different conditions, scaling factors and para- 
meter values. The integration of the experimental results, described in 
Section VII, led to empirical equations for the following phenomena: 

- droplets size distribution for oil in turbulent ambience, d,(f), 

- entrainment of surface oil due to breaking waves, Q, and 

- intrusion depth of oil due to breaking waves, Zi. 

The empirical equations for d.(f), Q and z; include the dependence on the 
type of oil, oil weathering state, oil film thickness, energy of breaking 


wave, and water temperature. 
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II. SUMMARY OF CURRENT KNOWLEDGE ON OIL DISPERSION 


A literature review of current knowledge on oil dispersion, diffusion and 
oil-SPM interaction was reported as part of the present investigation in 
the Interim Report (Delvigne et al., 1986). The executive summary of the 
interim report is given in Section II.1, while Section II.2 gives an 
update of the current knowledge. 


II.1 Executive Summary of the Interim Report on Vertical Turbulent 


Dispersion of Oil Droplets and Oiled Particles (Literature Review) 


Topics considered in the Interim Report were selected with respect to 
their usefulness for the performance of laboratory measurements on verti- 


cal turbulent dispersion of oil droplets and oiled particles: 


Oil properties 


The overall physical oil properties (e.g., density, viscosity, surface 
tension) depend on the chemical composition. The rate constants of many 
processes dealing with oil vary for different oil components. These frac- 
tionation processes (e.g., evaporation, dissolution, photo-oxidation, bio- 
degradation, spontaneous dispersion and oil - SPM interaction) change the 
composition of oil in the different liquid phases: surface oil, dispersed 
cil, dissolved oil and oil adsorbed by SPM. Therefore, determination of 
the chemical composition of oil in various phases is important in 


experiments on oil processes. 


The physical properties of any type of oil depend on the temperature and 
the weathering state of the oil. The correlations of these properties with 


the temperature and the volume fraction evaporated are given in the 


Interim Report. 


Fate of oil 


Oil in the sea is subject to many processes, given in Figure II.1 together 
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FIGURE II.1 processes versus time elapsed since the spill 
(Wheeler, 1978) 
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with the probable timespan of the process. Evaporation, dissolution, emul- 
sification and dispersion have been discussed because these processes may 
influence the behaviour of oil in the water column, and the oil - SPM 


interaction. 


Theory on dispersion 


The dispersion process of a coherent oil film into droplets is distin- 
guished in spontaneous dispersion and mechanical dispersion. Spontaneous 
dispersion is a chemical-physical fractionation process leading to a sta- 
ble situation with small oil droplets, called micelles, with droplet 
size d S$ 1 pn. 


Mechanical dispersion (dispersion by agitation) forces the consideration 
of many processes dealing with the sea state. Primary attention is paid to 
the following phenomena: 
- formation of oil droplets from a coherent slick and the intial 
intrusion of the droplets in the water column due to (breaking) waves 
- advective and diffusive transport of oil droplets by currents and 
turbulence. 
- coagulation and splitting of oil droplets. 
It is evident that the turbulence in the water phase is important for all 
these phenomena. (Aravamudan et al. 1982) have compiled the results of 
mechanical dispersion studies (Milgram et al. 1978, Ray 1977, Lin et al. 
1978) into mathematical models, with breaking waves »eing the mechanism 
for dispersion. Using the Weber number approach, they calculated the 
theoretical maximum oil droplet size and the critical size below which no 
splitting will occur, but knowledge of breaking waves is limited. The time 
scale of the droplet splitting process is unknown. 


The effect of turbulent diffusion and terminal velocity W on the vertical 
transport of oil droplets is given by: 


ac ) ac ac 


=: sz (e.(2) = | AEs (2.1) 
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where C = oil concentration 
vertical diffusion coefficient 
terminal velocity of the oil droplets 


W 
z = vertical length coordinate 
t = time 


Vertical transport of oil droplets by turbulent diffusion was calculated 
by Johansen and Audunson (1982), with estimates of sea-state dependent 
diffusion coefficients, and laboratory measurements on the initial 


intrusion of droplets in the water column by breaking waves. 


Measurements on dispersion 


Field data on dispersed oil droplet size distributions are very scarce. 
Stable oil dispersions with a mean droplet size around 20 to 40 um were 
found under vigorous wave and current action (Forrester 1971, Berridge et 
al. 1968). 


Delvigne (1984, 1985) measured the droplet size distribution of oil dis- 
persed by breaking waves in a laboratory flume. Typical graphs of oil 
concentration and droplet size distribution over time in the water column 
are shown in Figure II.2. The declining concentration and mean droplet 


size over time was due to resurfacing of the bigger oil droplets. 


Field data on oil concentration in the water column range from 500 ppm in 


the nearshore zone for large actual spills, to 0.01 ppm for test spills. 


SPM properties 

In most cases, SPM is a mixture of inorganic and organic particles. Small 
cohesive inorganic particles are usually coated with a few percent of 
Organic matter. The organic carbon content is an important parameter be- 
cause the adsorption of oil is proportional to the percentage of carbon 


content according to experiments by several authors. 
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FIGURE I1.2 Dispersion of no.2 fuel oil by breaking wave in a laboratory 
flume (Delvigne 1984) 
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The vertical distribution of SPM within a flow depends on the relative 
magnitude of turbulence (diffusion) and fall velocity. The fall velocity 
is not a constant parameter but changes as the flocculation process 
proceeds. No reliable methods exist to predict the size, density and fall 
velocity of SPM and resulting flocs in a flow. 


Oil - SPM interaction 


Oil adsorption is generally believed to take place mainly by adsorption of 
thin oil films onto clay particles which are subsequently flocculated, 
rather than by adsorption of discrete oil droplets. (This study appears to 


prove to the contrary). 


Many fundamental phenomena are similar for the flocculation process of 
SPM, the coagulation of oil droplets, and the aggregation of oil droplets 
and SPM. These phenomena are: 
a) stabilization of dispersed droplets and SPM by electric surface 
charges, 
b) destabilization by reduction of the surface charges, due to 
adsorption of electrolytes (salt) from the seawater, 
c) collisions between particles due to Brownian motion, turbulence or 
differential settling. 


Oil film adsorption onto SPM results in partitioning of the oil. Many 
investigators have searched for correlations between the adsorption rate 
and various parameters, with the following results: 
a) distinct negative correlation was found between the adsorption 
rate and the solubility of the oil component. 
b) increasing water temperature results in a decrease in adsorption 
due to the increased water solubility. 
c) solubilization of oil components by dissolved organic matter in 
seawater reduces adsorption. 
d) oil adsorption depends on the SPM composition, particle size and 


the organic carbon content of the particulate matter. 
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e) the salinity of the water influences the oil droplet - SPM aggre- 
gation and the oil film adsorption. 


Oil sedimentation models in the literature are based on scarce empirical 
information and oversimplication of various processes. Reliable quantita- 


tive results cannot be expected. 


Ocean conditions 


The behaviour and interaction processes of spilt oil and SPM in the ocean 
are influenced by many parameters, e.g., temperature (influence on oil 
viscosity and solubility of oil components) and salinity (destabilization 
of oil - SPM agglomerates due to adsorption of electrolytes). Temperature 
and salinity conditions in the ocean are discussed. The most important 
ocean condition parameters for the dispersion, diffusion and interaction 
process of oil and SPM are: 

a) the turbulent energy dissipation rate per unit volume, e 

b) the vertical diffusion coefficient, c.. 

These parameters characterize the turbulence conditions due to currents, 
wind and (breaking) waves. The parameters e and c, are estimated in the 
following ocean zones: 

a) surf zone, with breaking waves as the dominating mechanism. The 
energy dissipation is assumed to take place over the full water 
column. 

b) coastal zone, where turbulence due to “whitecapping" and 
turbulence induced by bottom friction are of the same order of 
magnitude. Different conditions exist near the bed, at middepth 
and near the water surface. 

c) deep-water zone, where turbulence due to whitecapping is the domi- 


nating mechanism. 


The modelling of the behaviour and interaction of oil and SPM requires the 


application of the same materials in the laboratory as in the ocean. 
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Therefore, the turbulence modeling must fulfil the following requirements: 
a) appropriate scaling of large-scale eddies for adequate simulation 
of diffusion processes 
b) appropriate scaling of small-scale eddies for adequate simulation 
of splitting and interaction processes of droplets and particles. 
However, the impossibility of appropriate scaling of both eddy ranges at 
the same time forces the performance of different laboratory experiments, 
each with adequate simulation of a limited number of processes. 


II.2 Supplement to the Interim Report 


The following recent publications contribute significantly to the 
knowledge of oil dispersion: 


Elliot (1986) prepared a numerical model and conducted fielc experiments 
on the spreading of oil within a few hours after the release of a slick. 
The emphasis on this time period is justified by the fact that weathering 
of oil is particularly important during the first few hours. The phenomena 
described in the three-dimensional model are representated schematically 
in Figure II.3. Much attention was paid to the effect of shear from tidal 
streams, wind and waves on the dispersion and diffusion of oil. A patch of 
oil was modelled as a droplet distribution in the size range from d,° 10 
to 500 pum, with the number of droplets uniformly distributed over the size 
range. A random walk technique was used to follow the motion of individual 
oil droplets. The droplets move around within the total velocity field as 
a result of diffusion and buoyancy. Horizontal and vertical diffusion 
coefficients near the upper layer were estimated from field dye 
experiments. There is evidence that the model is valid in the upper layer 
where the mixing is dominated by wind and waves. 


Thorpe (1984 a, b) investigated the turbulent transport at the surface. 
The turbulence in the near-surface layer includes turbulence generated by 
breaking waves, Langmuir circulation, etcetera. The vertical diffusion 
coefficient c. in the surface layer was determined from field measurements 


on the size distribution of air bubbles as a function of depth, where the 
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FIGURE I1.3 Schematic representation of the mechanisms included 
Elliot's (1986) model 
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air bubbles were generated by breaking waves. Results are given in 
Figure II.4, showing the variation of c. at 1.5 m depth with the wind 
velocity UY. (The open circles refer to a coastal area, the solid circles 


to a lake. The cross represents the error estimates of the data). 


As regards the break-up of oil films by breaking waves and the subsequent 
diffusion of oil droplets, it is very important to know the statistics of 
breaking waves in given conditions (probability of breaking, energy 
dissipation during breaking), and the turbulence and diffusion in the 
upper layer in the sea. This was already discussed in the Interim Report 
(1986). Bondeur and Sharkov (1982) analyzed aerial photographs of the sea 
surface with areas of foam due to breaking waves (whitecaps). The 
dependence of the average areas covered by breaking waves on the wind 
speed is defined for the wind speed range from 2 to 10.5 m/s. The 
generation of breaking waves exhibits a wind velocity threshold of 4 to 
5 m/s. Other recent contributions on breaking wave statistics are by 
Glazman (1985), Phillips (1985) and Huang et al. (1986). Important 
contributions in the field of turbulence in the surface layer of the sea, 
under breaking and non-breaking waves, were presented at the Sendai 
(Japan) Symposium on Wave Breaking, Turbulent mixing and Radio Probing of 
the Ocean Surface, by Mitsuyasu and Kusaba (1985), Terray and Bliven 
(1985), Wang and Wu (1985), Okuda (1985), Melville et al. (1985), Hattori 
et al. (1985) and Jones (1985), all concerning laboratory measurements. 


Bouwmeester and Wallace (1986) conducted laboratory experiments on oil 
dispersion in a 17 m long wind-wave flume. The wind-wave conditions were 
such that waves began to break and continued to break intermittantly in 
the measuring section. Oil was released at the upwind end, resulting in 
oil film thicknesses of 0.3 and 0.8 mm. Oil concentrations and oil droplet 
size distributions were measured below the water surface. The range of 
droplets measured was between 12 and 2000 ym, while the number of droplets 
decreased exponentially with increasing droplet size. cxamples are given 
in Figure II.5. The droplet size distribution at the surface level was 
approximated by: 
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FIGURE 11.4 Vertical diffusion coefficient at 1.5 m depth versus 
wind speed. (Thorpe, 1984) 


- 5] - 


$a10° Saio’ \ 
‘ c — (N, ~d,-23)* 
. : > - 
- 7 \, 
o"b »’ 
- \ a4 tenet ant _ 
- - \ ° . . 
: f - * - + 
s \ . . 
H wh N ; ww). 
ae > hUr*é 
; \ ‘ 
i - t i a 
. - 
- _ 
°c 
o? - 
Ve 
10'b 10" 
: , 
- > oa 
ev 
. - 
_ 72? _ 
10° aw 4 i byt w* —— a ee rn —_— ase e 
x" 10” ' 10° 107? 10°! io° 
Droplet Oiaseter ¢. (mm) Droplet Ciaseter ¢, (mm) 
Q) Condition II, b) condition III, 
oil release 0.11 1/s oil release 9.35 1/s 
® N” o curves were -foorated according to the 


results of the present study 


FIGURE II.5 Measured droplet size distributions of dispersed oil in 


wind-wave flume experiments. (RBouwmeester and Wallace, 19846) 
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NL (d,) - d, = constant 


where NL (d.) = number of droplets in a droplet size interval, and d, is 


the droplet size at the midpoint of the respective interval. The dispersed 
oil concentration was independent of the oil film thickness, 


but more 
large droplets were formed with the larger film thickness. 
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III. EFFECTS OF TURBULENCE ON OIL DROPLET SIZE 


III.1 Introduction 


The mechanical action of breaking waves and turbulence in the seawater 

causes spilt oil to break up into small droplets and the droplets to dif- 

fuse into the water column. The droplet size distribution of the dispersed 

oil is an important parameter because it affects: 

a) the stabilitr of the dispersion (oil-in-water emulsion) and conse- 
quently, the concentration of oil in the water column, 

b) the uptake of oil by marine life, e.g., the ingestion of oil droplets 
by zooplankton, 

c) the adsorption of oil by suspended particulate matter and the subse- 


quent sedimentation of oil on the sea floor. 


It is very important to remember that only the small turbulent eddies in 
the turbulence structure are responsible for the break-up of oil into 


small droplets (see Section I). 


Fundamental effects of turbulence on the oil droplet size distribution in 
various circumstances were investigated by experiments in a laboratory 
grid column. (The grid column is described in Appendix A.1.1). The 
oscillating grid generated homogeneous turbulence in the column. The 
small-scale turbulence structure in the column is similar to ocean 
conditions if the turbulent energy dissipation rates per unit volume are 
equal. The energy dissipation rate per unit volume e in the column could 
be varied in the range e = 0 to 3.5 x 103 J/s n°, while values of e in 


field conditions are in the following ranges: 


deep-sea e «= 10% - 10°? 3/s m 
estuary e107! - 10° 3/s m 
surface layer e* 10° - 10! I/s m 
breaking wave e-* 10? - 10° 3/s m 


(The field data were obtained from empirical equations given in the 
Interim Report, Sections 7.5 to 7.8, and from field measurements. See, for 


instance, the deep sea energy dissipation measurements of Crawford and 
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Osborn, 1981). 


The measurements of oil droplet size in turbulent conditions could be 
performed in the grid column with field values of essential parameters, 


consequently scaling to a laboratory scale waz not necessary. 


The large depth of the column, 4 m, enabled a long period of measurement 
in certain turbulent conditions before differential rising of oil droplets 
distorted the droplet size distributions. 


The droplet size distributions were experimentally determined in the grid 
column as a function of the following parameters: 

a) turbulence energy level and turbulence duration 

b) oil type 

c) oil weathering state (weathering by evaporation and emulsification) 

d) oil concentration 

e) subsurface and surface introduction of oil in the water 

f) temperature of the water 


g) salinity of the water 


III.2 Experimental Set-up 


The measurements were performed in the grid column shown in Figure III.1. 


Application of submerged oil in the column was performed by introduction 
of large oil droplets with diameter d,* 10 mm by a bottom inlet during a 
certain time (Figure A.2). The oil input was stopped and the turbulence 
grid switched on when the droplets were distributed homogeneously as 
possible in the column. The size of the initial oil droplets was chosen 
large enough to guarantee the break-up of the droplets in any turbulence 
condition in the flume. Droplets of 10 mm appeared unstable even in non- 
turbulent condition: break-up will occur due to the drag force on the 


rising droplet. 


- 56 - 


OSCILLATING GRID ORIVE 


Liiiiil 
LittiiL 


SAMPLING OFF TAKE 
sc TION (PARTICLE SIZER) 


4.25 ™ 
— * 
ul 


OSCR LATING GRID 


Lill 
Li 


Cok mules ge An Sata EAE Ror eed 
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In a few cases, the oil was poured as a surface film to check for 
differences in droplet size distribution between surface oil films and 
subsurface oil parcels. The oil was applied to the water surface and 
spread until a film thickness of bh, = 0.25 mm was attained. The water 
level above the grid was chosen large enough to avoid intersection of the 
water surface by the grid and to avoid “breaking waves" generated by the 
grid. The water level is low enough to generats oil entrainment from the 


surface into the column due to turbulence from the oscillating grid. 


The droplet size distribution was measured by a Laser-Beam Particle Sizer 
(LBPS) by continuous flow-through water sampling. (See Figure III.2a, the 
LBPS is described in Appendix A.2.1). A typical data example is given in 
Figure III.2b. The data were provided by the LBPS with the optical system 
for droplet size measurement in the size range d, = 11.5 to 1130 um. The 
division of the total range in subranges is shown in the figure along the 
abscissa of the graph. The ordinate shows the relative concentration of 
droplets in a subrange by volume, where 100 2% represents the total volume 
of oil droplets in the entire measurable range from 11.5 to 1130 um. The 
minimum detectable oil concentration in a subrange is 0.1 2%. In the course 
of the study it became apparent that this minimum concentration is a 
serious limitation for measurement of the complete droplet size distribu- 
tion including the small droplets (Appendix A.2.1). A subsequently applied 
droplet size measurement technique with microscopic observation of 
droplets (Appendix A.2.2) showed a considerable increase in number of 
droplets N(d,) with decreasing droplet size d, at least down to 

qd, ~ 5 um. However, the volume of oil in a subrange declined consider- 
ably. Therefore it is emphasized that the minimum droplet size observed 
with the LBPS indicates the smallest droplet size d.,, with Vidas) > 
1073 Veot» Where V(d 


mi 


min? ™ VOlume of oil in the size range around d 


and Veot the volume of oil in the entire range of measurement. 


min’ 


Almost all column experiments were recorded on video tape through a 0.2 x 
0.2 m "window" in the wall of the column. A video picture is shown in 
Figure III-3. The video recording was especially important for 
experimental conditions where droplets occurred with d, < 1000 um that 
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b) Example of LBPS data 


FIGURE II. 2 


FIGURE IIT 3 Video registration of large oil droplets in the grid column 
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could not be detected with the LBPS. These droplets sizes were determined 
from video recordings by observation of the terminal velocities. Video 
measurement of large droplet sizes is only possible with a switched-off 
grid after an oscillation period. Measurements with the LBPS were per- 
formed during and after oscillation of the grid. 

The video measurements of d, made use of the terminal velocity curves 
shown in Figure III.4. These curves (for Prudhoe Bay crude and Ekofisk 
crude, at 20°C) were constructed from calculation with Stokes' equation 
for small droplets, d, ¢ 150 pm, from video observation for very large 


droplets, d > 1500 pm where droplet size and terminal velocities can be 


° 
observed accurately, and from interpolation for droplets with 150 pum < d, 


< 1500 pm. 


III.3 Presentation of Measurements 


Oil droplet size distributions were measured in the grid column as a func- 


tion of the following parameters: 


a) oil type: PB = Prudhoe Bay crude (Alaska) 
Eko = Ekofisk crude (North Sea) 
b) oil weathering state: PBo = Prudhoe Bay crude, unweathered 
PB3, PBio = Prudhoe Bay crude, weathered by 
3 day and 10 day evaporation re- 
spectively* 
PB om = Prudhoe Bay crude - water 
emulsion,with oil-water ratio 1:3 
Eko = Ekofisk crude, unweathered 


c) grid oscillation, different frequencies lead to turbulent energy dis- 
sipation rate, e, in the range e = 0 to 3500 J/s n°. 
d) duration of grid oscillation teria? 
terid = 5s (simulation of the turbulence field from a single 
breaking wave) 


teria * 600 s (simulation of steady state turbulence) 


The meaning of the 3 and 10 day laboratory weathering with respect to 
field weathering is described in Appendix A.3.2. 
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FIGURE I.4 Terminal velocity W versus droplet size d. 


- 62 - 


e) temperature T = 20, 12 and 4 °C 


f) water salinity S$ = 30 °/oo (seawater), 10 °/oo (brackish water) and 0 
°/oo (fresh water) 
g) oil concentration in the column C.* 20, 50 and 150 ppm 


h) oil introduction: surface film and subsurface parcels. 


The various test runs carried out are summarized is Table III.1. 


It is very likely that the oil viscosity ¥. and the oil-water interfacial 
tension Coy are important parameters ‘regarding the break-up of oil 
droplets. The values of Yo and the oil densities p, are given in 
Table A.1l for the different oil types, weathering states and temperatures. 
The experiments are indicated by a run number. In some cases two runs with 
similar sets of parameters are performed to test for reproducibility or to 


repeat a run with suspicious results. 


The Figures III.6 to III.58 show data from the LBPS for all experiments 
with (detectable) oil droplets in the size classes below 1000 um. The 
droplet distributions were measured by the LBPS every fifteen or twenty 
seconds, the data in the figures are restricted to specific times te after 
the start of the grid oscillation. Measurements with grid oscillation time 
terid = 600 s were performed to obtain steady state conditions. LBPS data 
are given in the figures generally at t° 1, 2, 4, 6, 8 and 10 minutes if 
reliable data were available. From the measurements it is observed that it 
took about 5 minutes to obtain the steady state for the droplet size 
distribution d,(£), an example is shown in Figure III.5b. Measurements 
with terid = 5 s simulated the effect of short-duration turbulence from a 
single breaking wave. Data are given in the figures generally after ..° 
30 s, 50 s, 1% and 2 minutes. The first distribution, at t° 30 s, shows 
the real droplet size distribution generated by the turbulence (for 
subsurface introduced o11). Subsequently measured distributions show the 
decrease of large oil droplets due to surfacing of these droplets, see 


e.g. Figure III.5a. 
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Table III-l. Summary of oil droplet break-up experiments in the grid column: 


= 
: ? 3 =|é- energy dissipation rate « (J/s =) and turbulence duration teria 
oe hae le * 
.3 3 ml cles e = 3500 e = 1450 e = 440 «= 185 e- 55 ? 0.85 0 
53 r HE teria®) teria(®) teria(*) teria(®) teria(®) teria(®) 
ae ]e)s] ei" "| 600 5 600; 5 600) 5 600) 5$ 600 s | 20 20 0 
°o 2 - ®luleaw 
“ko 20 30 SO 1 | 47/75| 46 44 | 45/74 4) [42/73 40/43) 39 38) 37 | 3% 35 34 
me ]12]30 0 1 33 32 31 30 
Ho 20 30 sof 2 7 16 
' "PB, 20 30 SO 1 | 10/14) 19/13 8/12 |i/7/11 6 s| «4 3 2 
rs PB, |12|30 so 1 29 28 27 
' | 4/30 SO 1 72 70 mn | 68 69 | 67 66 | 65 64 | 63 62 
PB, 20 30/ 20] 1 18 17 | 15 
PB, 20 30/150| 1 20 19 | 16 
PB, 20/10] so 1 26 25 26 
PB, 20! 0] so 1 23 22 21 
PB, ]}20 30 so 1 61 59 60 | se $7 
PBiof 20 30 SO 1 56 54 ss | 53 48 
PB.|20 30 SO 1 84 83 81 | 82 80 19 


. The experiments are indicated by the run sumber 
™ Standard set of parameters. Varied values of the parameters are indicated by « square around the parameter in the second 


through sixth column. 
aa 


. Two or three run numbers at one set of variables indicate reproducabality experiments 


a) b) 


3) 


FIGURE I. 5 examples of LBPS data (PBo,e = 3500 J/s m 
a. experiment Ci}, terid Ss 
b. experiment Ci4, terid = 600 s 
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FIGURE II. 11 OROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
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FIGURE III. 12 DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tm. LBPS DATA 
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FIGURE IIT.13 OROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
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FIGURE II. 16 DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tm. LBPS DATA 
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FIGURE IIl.17 DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tm. LBPS DATA 
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FIGURE III.18 OROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tm. LBPS DATA 
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FIGURE II.19 DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tm. | LBPS DATA 
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FIGURE IIT. 20 DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tm.  _LBPS DATA 
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FIGURE II]. 21 UROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tm. LBPS DATA 
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FIGURE I.22 DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tm. | LBPS DATA 
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FIGURE III.23  OROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tr. LBPS DATA 
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FIGURE III.24 DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tm. | LBPS DATA 


- 84 - 


eer 


Sor. ‘ 
ae | 


6 mms i cet Bec oe ad ih ad ad 
WEASHT SE BeeSR otefs, 


ca @ 
JJ, 


i ish es a es aw Gk ks ad a OS BIL 


RUN OL. 


WEATHERING 
tm= 1 min 
Cc 29 PB, 
OlL SUPPLY 
SUBSURFACE 


tm: 2 min 


tm: & min 


TURBULENCE LEVEL 


e= 3500 Jism? 


GRIO OSCILLATION 


' gria = 600 s 


| TEMPE RATURE 
WEASYT RY BARRE 2'ef5- 
Siar. T= 12 °C 
tte 
SALINITY 
tm: 6 min S = 30 “lee 
MELSYT QU BARUE 21883; 
enn - OIL CONCENTRATION 
249te 
C = 50 ppm 
a aa tm= 8 min. 
NEES OT GH BARGE Stes, 
«o:, & 
te | 
a tm =10 min 
“ed? SH BARGE Stees- 
BSSBBSBBRBBBR BBB 
2¥2nenssesseeees 
Vem setbeeeeeaatt 
FSERASSSFESRERES 
FIGURE IT. 25 DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tm. LBPS DATA 
- 85 on 


sox & 
e¥te | RUN Olt. 
WEATHERING 
H tm= 1 min 
| C 32 Eko 
On ae oe oe ee oe 
bd T we € LptE size. . 
beSY uth — OIL SUPPLY 
so: & 
site : SUBSURFACE 


i tm = 2 min TURBULENCE LEVEL 
Sorperretan 


O0E @= 440 Jism? 
WEASHT BH BARRE 236 


So 
“WT : GRIO OSCILLATION 
SIZE 
t gria = 600s 
tm: & min 
TEMPERATURE 
EE on 08) ee 
ME2SY" LG BARRE 348550 er 


sox. & 
ale 
~— SALINITY 
| tm = 6 min S: 30 “lee 


rrr nares 
MEAROT BM peROe Stee OIL CONCENTRATION 


204 
Ger i C = SO ppm 


a ines Sed A208 moan 
MELOY GY RARE S18 


Sir. 
Eeees | | 
— = Aa hd Oa as nae 


NEST" USE BARRE 2%e&e 


TTTTTTTTTTTrTtttTtr4 


tm= 8 min. 


tm =I min 


va 
wn: 
odenancsegeene ss 
a 
FXPRRESSRSRENRE 


FIGURE II.26 DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tm. LBPS DATA 


-~ 86 - 


®, 
Fm 
En ee nee , 


wl RUN Ol, 
WEATHERING 
tm: 1 min 
C 33 Eko 
vd SOT at QOE =tzFe. 
B¢4 LOG BA OlL SUPPLY 


SO” s 
she | 
i 


none ofl til he 
WELSOT BH BARRE ='3£:- 


25% 2 
alg i 


e= 3500 Jism? 


SUBSURFACE 
tm= 2 min TURBULENCE LEVEL 
am 43) Meee 


GRID OSCILLATION 


t grid= 600 s 


tm: & min 


= TEMPERATURE 
MERSOT ON BARGE S49°52 —- 
zs: 8 shes 
dle [ 
SALINITY 
| tm: & min S = 30 “lee 


—_ = is Go Ons Gans 


WELGHT (ty pL pee S1pE 3. OIL CONCENTRATION 


ve | 
a 


“BE2Y" LOB BARGE 'e&3, 


cy & 


“phd 
: ide { 


I rll, 
MEASYT GN PAPOE Sizes. 
TTT Trt ttt tt 9) 


C = 50 ppm 


tm: 8 min. 


tm: 10 min 
(a6 GO 48 Oe tone 


a) 
ee 
= sPNRnosessexses 
myer errr erren ys 
| oad — 
FSSRRSTSRSRERES 
eo ow 


FIGURE III.27 OROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tm. LBPS DATA 


- 87 - 


ico 2 
wT RUN OiL. 
sy WEATHERING 
i tm= 1 min 
r C 41 Eko 
6 Gas GS Aa) 068 0) OS es Be 
WEdSOT SY BAESE 2'e&55 OlL SUPPLY 
i 
pe” 
fle { SUBSURFACE 


i tmz 2 min TURBULENCE LEVEL 
Scsmneneenees , debe @= 4460 Jism? 


MBES?" Gt EfRRE ztsf i. 
+ & 


Sor: 
ele | 


GRIO OSCILLATION 


‘grid = 600 s 
tm: & min 
TEMPERATURE 
rey yt) 
WEdeHT BY RAPER 2'3°s, — 
sox & : 
wile } 
SALINITY 
t tm: 6 min. S = 30 “lee 
‘Yor yr tT 
MEAGGT WM BpOR SITES, OIL CONCENTRATION 
so: 2 
lg } ¢ 2 sen 
i tm: 8 min. 


“BES? "Ge BARBE 2'3&S, 
So: 


t m= 10 min 
ty ern hie ul oe 


“e248 BARGE 3438 


ooo 
ny 

et2nenassessexveee 

Pt erent 66404 4. 
FXPRASSSRSRENSS 


FIGURE IIT. 28 DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tm. §LBPS DATA 


* 88 - 


so: & nun on 
He | WEATHERING 
tm =0.S5min 
C 42 Eko 
Ss ma 
x "| Ione sITEs: ' PPL 
WELOHT oH Peete 2'3° rs OlL SUPPL 
H SUBSURFACE 


Os GOt ae Oe ee a ee a Bae 
MEARHT i pate SITES. 


tm= 1 min 


TURBULENCE LEVEL 


e:- £40 Jism? 


GRIO OSCILLATION 


t gria = Ss 
tm=:1Smin 
TEMPERATURE 
; ney mn gyee ne: T=20 °C 
EASE is EeRGE 2'3©3 
rTueuvpucveucvuvevevty SALINITY 
STPNRAGsRSSEKRLS 
Tamm Bh RRR RALELEE 
EY2RQASS sserss S = 30 “us 
—- do( um ) 
OIL CONCENTRATION 
C = SO ppm 
FIGURE II. 29 DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tm. LBPS DATA 
- 89 - 


Seeeapamninte 
WELGYT. BH BARRE 2'efis 


wo) 
site 


“EES? LSE BARGE c’efss 


all 


MEALS RE BARME = 


sox & 
ale 


166". 
athe 


Su 


tle 


ea 
MEASOT GH BeeOE Stee, 


beat Pe 
s4le 


oe ual Roe 
ME AWHT. Pay ve = 
BR BRERBBEBBBE BSB BSB SM 


w 
EXPARKGSRSSELKRSS 
YVemttrrrrerer turned 
FSSRASSSESSERES 
—- d.( um ) 


tm: 1 min 


tm: 2 min 


tm: & min 


tm= 6 min 


tm = 8 min. 


RUN ONL. 
WEATHERING 


C 43 Eko 


Ol. SUPPLY 


SUBSURFACE 


TURBULENCE LEVEL 


GRID OSCILLATION 


orig = 600 $s 


TEMPERATURE 


T= 20 °C 


SALINITY 


S = 30 "lee 


OIL CONCENTRATION 


C = 50 ppm 


FIGURE ITT.30 DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 


AT TIME tm.  LBPS DATA 


- 90 - 


bel ed 

He 
WEAGOT Bt FASS 2'3*S5 
so: 8 

¥%e 

t(eaw ime 

“Best SY BREE Stefi 
So". 

ste 


—— 
MEde¥" SE BARGE S'aT3> 


“e. & 


wyIy k 
erases as us Ease 


MEAS Sano ARSE = 


pl 


~'% . s . 
she | 
—- Bh on) meet 


Me A. “oT, it PARSE = '56- 
ooo 


S¥PARESSRSSLRRSR 

v 7 i ' ' ry ry ' ' ry . > 

cJ#RQansseggenee 
FIGURE III. 31 


AT TIME tm. 


RUN On. 
WEATHERING 


C 44 Exo 


Ol. SUPPLY 


SUBSURFACE 


tm: 2 min TURBULENCE LEVEL 


@= 1480 Jism? 


GRID OSCILLATION 


‘orig =: 600s 
tm: & mon 
TEMPERATURE 
T=20 °C 
SALINITY 
tm: 6 min S= 30 “lee 


Ol CONCENTRATION 


C = 50 ppm 


tm: 8 min 


tm 210 min 


DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
LBPS DATA 


ve =0Smmn 


tm = 1 men 


tm:1Smin 


— BAREE ='s® 


2] 
| a ae 
Nametmeran as ames 

s1ZE3. 


Meee?" St BAR 
Prevuvuvuuuuvvvvveunrér 
w“ 
ESPAREGSRSSELLES 
Ye@sh Qeeeeeeeanan 
FLPRASGSRSSeRes 


RUN OL. 
WEATHERING 


c 45 Eko 


Ol SUPPLY 


SUBSURFACE 


TURBULENCE LEVEL 


@= 1480 Jism? 


GRIO OSCILLATION 


gria = 5s 


TEMPERATURE 


T=20 °C 


SALINITY 


S = 30 "lee 


Ol1L CONCENTRATION 


=: 50 pom 


FIGURE IIT 32 DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 


AT TIME tm. LBPS DATA 


92 - 


tm =0.5min 


7 


MEdS}" oe BARGE 2*sTas 


tm = 1 men 


tm:=15min 


tm: 2 min 


wal Be Dhl ee wan 
“ES? GH BARGE Stef]. 
TeruCrvyuvreeCrewrteCe et 


ow * 
Set2NRassesseRs 33 
Temas Ose ReahEBEE 
FSSRMSTSESSERSS 
—- d,( wm j 


FIGURE II. 33 


AT TIME tm. LBPS DATA 


- 93 « 


RUN ON, 
WEATHERING 


C 46 Eko 


Ol. SUPPLY 


SUBSURFACE 


TURBULENCE LEVEL 


@= 3500 Jism’ 


GRID OSCILLATION 


' gria= 3s 


TEMPERATURE 


F220 °C 


SALINITY 


S = 30 "lee 


Oil CONCENTRATION 


C = SO ppm 


DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 


“E2SH G8 BARRE S'at3? 


=~ 8 
= «fe 


“BeSt" BE BARR =*35s2 


=_—- = 
— we 


aie | 


i 
WELGCT BY BARRE 2'efs. 
2sx 8 

ane | 


i 
“E2SY" G8 BARGE S's537 


tm: 1 min 


tm 2 min 


tm: & min 


tm = §& min. 


RUW Ol. 
WEATHERING 


C 47 Eko 


Ol. SUPPLY 


SUBSURFACE 


TURBULENCE LEVEL 


e= 3500 Jism? 


GRID OSCILLATION 


tgrig= 600s 


TEMPERATURE 


T=20 °C 


SALINITY 


S= 30 “lee 


Ol CONCENTRATION 


2sx 8 
othe | C = 50 ppm 
tm= 8 min. 
“BdS}"_ 88 BARRE S'3*¥5 
2S°. 
tm =10 min 
ME2EY" SE BARGE S*SFGQ 
PTTTTTITTTTTWTWTWTWTYTW1 
cSPAREGSRSSERRES 
SisRanssesgense 
FIGURE II..34 DROPLET SIZE DISTRIBUTIONS !N GRID COLUMN 
AT TIME tm. LBPS DATA 


- 94 « 


MEESY" LOG EARSE =*stoe 


igsex © 
wig | 
| tm =0.Smin 
he ‘ya oo ag 


MEZSH" OS EdRGe =*stes 


tm-=15 min 


“EES? LSE BARRE 2*sTYe 


PrTETrrrrierrreirite 


mn 

= ° 
etenenssesslRsss 
YVamerrtererrrred 

Saehaksckegenee 


3 


RUN Oil. 
WE ATHE RING 


C53 PBig 


Oil SUPPLY 


SUBSURFACE 


TURBULENCE LEVEL 


@e= £40 Jism? 


GRIO OSCILLATION 


TEMPE RATURE 


T=20 °C 


SALINITY 


Ss = 30 "lee 


OiL CONCENTRATION 


C = SO ppm 


FIGURE TlI.35 OROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 


AT TIME tm. LBPS DATA 


- 95 - 


é 


RUN Ol, 
WEATHERING 


ne 


Y 


tm =0.5min 


» a 
. 
| 


MEZSYT GS BARGE 273534 


OlL SUPPLY 


SUBSURFACE 


sex 8 
ah : 
: tm= 1 min TURBULENCE LEVEL 


i 
MEJGY"LGS BARGE STSETS = 


e=- 3500 Jism? 


GRIO OSCILLATION 


Sex 
tora =: Ss 
tm-:15min 
| TEMPERATURE 


ME2E9" SP BARGE S'e®3, T=20 °C 


es:: 
ele SALINITY 
tm: 2 min S = 30 “lee 
i Oil CONCENTRATION 


“BEST "LSE BARGE 2155s 


C = SO ppm 


tm= 7.5 min. 


“BACH SE BARGE. = SST Y2 


rrr rrrrrrrrei' 


a) 
SSPARESSRSSERRES 
Yaw a Bee Pa se ae a 

SESPRRSSSESSERES 

— > d,( wm ) 


FIGURE III.36 OROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tm. LBPS DATA 


- 96 - 


i 


sox & 
ah | 


“EESY" SE BARGE ='efS. 
SOx 


“BASY" GS BARGE ="sTSs 
Sax 


MEZSY.8S BARGE 2"sh32 


fTTTTTTTTryrTTtTrrri 
wn 
SIMNKRGSSKSKERE ES 


tm= 1 min. 


tm: 2 min 


tm: & min 


tm: 8 min. 


tm 210 min. 


RUN OlL. 
WEATHERING 


CSS  PBig 


OlL SUPPLY 


SUBSURFACE 


TURBULENCE LEVEL 


e- 440 Jism 


GRIO OSCILLATION 


TEMPERATURE 


T=20 °C 


SALINITY 


S= 30 “les 


OIL CONCENTRATION 


C = 50 ppm 


FIGURE IIT.37 DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 


AT TIME tm. 


LBPS DATA 


MELSY" 8S BARGE 2'35Se 
58%. 


syte 


MEASHT, Bt BARGE S'9©55 


So”. 


“E2SYLSS BARGE S*atSs 


tm: & min 


tm: 8 min. 


tm 210 min. 


RUN On. 
WEATHERING 


Cc $6 PB 10 


Ol. SUPPLY 


SUBSURFACE 


TURBULENCE LEVEL 


e= 3500 Jism? 


GRID OSCILLATION 


t grid = 600 s 


TEMPERATURE 


f=20 °C 


SALINITY 


S = 30 “lee 


OIL CONCENTRATION 


C = SO ppm 


FIGURE I.38 DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tm. | LBPS DATA 


- 98 - 


160° 
site 


“ELOY BY BERGE S*3ESc 


SS. 

MEAS? "LSE BARRE ='sTas 
Peuueeuueeweuueuugnun 
SePARRSSRSRERR SS 

SISA ASTSRSSEREE 
—» d,( um) 
FIGURE III. 39 


AT TIME tm. 


tm =0.5mm 


LBPS DATA 


- 99 - 


RUN OL. 
WEATHERING 


cs8 PB; 


OlL SUPPLY 


SUBSURFACE 


TURBULENCE LEVEL 


e- £40 Jism? 


GRIO OSCILLATION 


t goria = Ss 


TEMPERATURE 


T=20 °C 


SALINITY 


S$: 30 “lee 


OIL CONCENTRATION 


C = SO ppm 


DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 


RUN ONL. 
WE ATHERING 


tm =0.Smim 


c 59 P83 


OlL SUPPLY 


SUBSURFACE 


tm= 1 mn TURBULENCE LEVEL 


@= 3500 Jism’ 


Se. GRIO OSCILLATION 
t grid > 4 5 s 


tm 21.5 mun 


TEMPERATURE 


MEZG0" SY BARRE S'e®3, T:20 °C 


sax. 
wk SALINITY 


tm: 2 min S= 3O “lee 


= | 


“B20¥"_ SE BARGE S'SE5, 


OIL CONCENTRATION 


C = 30 ppm 


23x 
ode 
tm= 45 min. 
“EESY" SB BARSE $1853, 
PrPrrPePTrrTrrrteredee 
PeenenssesVZeRss 
v PPT r ae rT yy 
SAIBRRGSSKRSRERE 
—r del ym) 


FIGURE IIT.40 OROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tm. LBPS DATA 


- 100 - 


RUN Ol. 


WEATHERING 
tm= 1 min. 
c 60 PB; 
Ol. SUPPLY 
SUBSURFACE 
tm= 2 min TURBULENCE LEVEL 


@e= 640 Jism 


GRIO OSCILLATION 


tm: & min 

TEMPERATURE 
T=20 °C 

SALINITY 

tm = 6 min. S= 30 “lee 
Ol. CONCENTRATION 

MEASY" SH BARRE S's®. 
; C = 30 ppm 
tm =: 8 min. 
tm 210 min. 


“BAY” SE BARGE S'e°S, 


feweeteueuewveuuuueR 


D2ahansseepense 


FIGURE III.41 DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tm. LBPS DATA 


- 101 - 


RUN OlL. 
WEATHERING 
tm: 1 min. 
Cc 61 PB 3 
OIL SUPPLY 
: SUBSURFACE 
tm=> 2 min TURBULENCE LEVEL 
' e= 3500 J/sm? 
E220" OB BARRE S'SES~ 
Sex 
GRID OSCILLATION 
syle 
' gria = 600 s 
tm: & min 
TEMPERATURE 
MELLO BARGE "9552 ee 
Sox. 
evle 
SALINITY 
tm = 6 min. S= WO “hee 
“E2207 BY BAROE S'3€s., | OIL CONCENTRATION 
Sox 
e¥te C = 50 ppm 
tm: 8 min. 
E2SY" SY BARGE "SES, 
Sex. 
syle 
tm 210 min. 
EASY". SY BAROE S'SES, 
'tTrTTTrTrTrTrrrrTryrry 
: Sans 


FIGURE I1.42 DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tm. LBPS DATA 


- 102 - 


“E2SY" G8 BARGE S35Ss 


SOx 
ayte 


“E2988 BARBR S'ST Yr 


PrPryPrrrrrrrirririie 


tm =0.Smmn 


RUN On. . 
WEATHERING 


C68 PBs 


OlL SUPPLY 


SUBSURFACE 


TURBULENCE LEVEL 


@= 1480 Jism? 


GRIO OSCILLATION 


TEMPERATURE 


T=: 6° 


SALINITY 


S= 30 “lee 


OIL CONCENTRATION 


C = 30 pom 


FIGURE I1.43 DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 


AT TIME tm. LBPS DATA 


- 103 - 


RUN OIL. 
WEATHERING 
tm = 05min. 
c 69 PB, 
Ol. SUPPLY 
SUBSURFACE 
tm= 2 min TURBULENCE LEVEL 
e= £40 Jism 
WELGUT, ON BIPRE Stes, 
106% GRIO OSCILLATION 
she 
tm: & min 
TEMPERATURE 
WE2GG", SY BARGE S'e&s, T= 4 
sex 
SALINITY 
she 
tm = 6 min. Sz 30 “lee 
Ol CONCENTRATION 
WEZGUT, SH BAPRE Stz*ys 
rrTTTrrrr+rgrrrrrrt C = SO ppm 
SePaRassRSSexs ss 
Ya ce Beek € AES Se SS 
CJERASSSRSRERR SE 
—er do( wm) 


FIGURE 1.44 DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tm. LSPS DATA 


- 104 - 


16ex & 
2h | 
a | 


“EA04" 98 BARGE $1230 
168". 


eke 


MEESY" SY BARGE S*efT 


Se 
ete 


“BESY".8G BARGE Sst, 


2s™ 
side 


“BESY"LSE BARGE S'353, 


CTTTTTITTTTITITWTWTWTYTY1 


CYPARATSRSSERRE 8 
Jenanssessenee 
—s d,( um) 

FIGURE III. 45 


t m= 0.Smin 


tm:1Smmn 


tm: 2 min. 


RUN OlL. 
WEATHERING 


c 70 PB. 


OlL SUPPLY 


SUBSURFACE 


TURBULENCE LEVEL 


@e= 3500 Jism’ 


GRID OSCILLATION 


' gria = Ss 


TEMPERATURE 


T=: 6° 


SALINITY 


Ss: 30 “lee 


Ol1L CONCENTRATION 


C = SO ppm 


DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 


AT TIME tm. 


LBPS DATA 


- 105 - 


Sex 
eyte 


MEY" OY BEARER ='3°Ss 
23x 


ase 


“E2SY" 88 BARRE S*a°T> 


Sex 


“B2S7"88 BARGE 2'eToe 
Sum 


Iz 


“BESY"L G8 BARGE S'etGs 


sex 
4 | 


“B2SY" SY BARBE S'2°5. 


186%, 

le 

“BES?" SY BARGE S'ZEs, 
Teweevuvevuvuuveur 
2ienne 823 


tm = OSmin. 


tmz 2 min 


tm: & min 


tm: 8 min. 


tm 210 min. 


RUN On. 
WEATHERING 


C71 PB, 


Ol. SUPPLY 


SUBSURFACE 


TURBULENCE LEVEL 


e= 1480 jism’ 


GRIO OSCILLATION 


t gria= 600 s 


TEMPERATURE 


T=: 6 °C 


SALINITY 


S= 30 “lee 


OlL CONCENTRATION 


Cs SO ppm 


FIGURE IIT.46 DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tm. LBPS DATA 


- 106 - 


RUN On, 
WEATHERING 


+ = 


Ol. SUPPLY 


SUBSURFACE 
tm= 2 min TURBULENCE LEVEL 


e= 3500 Jism? 


GRIO OSCILLATION 


' gria = $00 s 
tm: & min 
TEMPERATURE 
WE2SY" OB RARBE S'2°S0 
sex Tz &£ °C 
ole 3 
SALINITY 
tms- win. Sz 3 “les 
ME2SYT SY BARGE S's'is O1L CONCENTRATION 
Sex 
wylg C = SO ppm 
tm=z 8 min. 
E299". 88 BARRE S'Z53, 
So°. 
tm 210 min. 
B2S9" SY BARRE $'2€S. 
rTTTTTTrTTTrTrrrtyry 1 
SPARK GSRSSERR ER 
v Far P SF tee & 
SJenactsesgense 


FIGURE IIT.47 OROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tm. LBPS DATA 


- 107 - 


108% 
ae RUN OIL. 
eis WE ATHE RING 
tm =05mm 
¢ 73 Eko 
T On Slats 
/= Slés 
168% 
eyse SUBSURFACE 
tm= 1 min TURBULENCE LEVEL 
e- «& Jism? 
MEAGHT, Bu BLBOE SIZES, saan 
GRIC OSCILLATION 
t gria 2 5 s 
tm=15 min 
TEMPE RATURE 
T=20 °C 
SALINITY 
tm= 2 min S= 30 “tee 
OIL CONCENTRATION 
C = 50 ppm 


FIGURE Il. 48 DROPLET SIZE DISTRIBUTIONS IM GRID COLUMN 
AT TIME tm. LBPS DATA 


- 108 - 


RUN OIL. 
WE ATHERING 
tm 05min. 
C 74 Eko 
Olt SUPPLY 
sex 
wi SUBSURFACE 
tm= 1 mn TURBULENCE LEVEL 
i @e= 1480 Jism? 
WEZOST, SH BARRE Stes, 
— GRID OSCILLATION 
toria= 58 
tm:’.Smimn 
TEMPERATURE 
T SIZES 
MEZOYT RY BAROE Sees, T-20 °C 
Sex 
ele SALINITY 
tm: 2 min. S= 3 “lee 
OIL CONCENTRATION 
MEASYT SH BARRE S'e&s, 
rUTTTTITTTTriiirT C = $0 ppm 
a3 = 
cIPRARTSRSSE RLS 3 
wo +t 8 © @ @ £88 t 
SLPRRGSSKSSERES 
—- d,( um) 


FIGURE 11.49 DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tm. LBPS DATA 


- 109 - 


RUN o) | 
am WE ATHERING 
Ste 
tm: 1 mon. 
c 7s Eko 
~ Ol. SUPPLY 
WEIGHT, GH BARRE Ste&s- 
5a” SUBSURFACE 
HY vee 
tm= 2 min. TURBULENCE LEVEL 
e= 3500 Jism? 
SI 
“ELST SS BARR 2'STTs GRID OSCILLATION 
Sa”. 
tm: & min 
TEMPE RATURE 
T=20 °C 
WEZGG, SH BARGE S'3®5- 
33x 
SALINITY 
ele 
tm: 6 min. S= 30 “lee 
Ol. CONCENTRATION 
MEZSY". SH BARGE S'7ES,, 
C = 80 ppm 
Se*. 
eyle 
tm= 8 min. 
MEZGY"_ SS BARRE S'3£3, 
Ser. 
Hyde 
tm 210 min. 
MB2ASY" SB BARBE 3'3®5- 
TrrPrrr?erierirriti 


Pieaanssesgegess 


FIGURE I11.50 OROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tm. LBPS DATA 


- 110 - 


MECST ES BaRBE S'E*S. 
aig 


“BEST Lu Exeok = 'S:ér 
2 


=_— 


EZ", 8H BARGE S*ZET, 
25% 


ee PARGR 2's Ss 


“Lulu 


i i te PARBR 2's°37 


Dinahearanneenee 


FIGURE III. 51 
AT TIME tm. 


tm: 1 min. 


tm: 2 min 


tm: & min. 


tm: 6 min. 


tm = 8 min. 


tm 210 min. 


LBPS DATA 


- lll - 


Cc 76 Eko 
OlL SUPPLY 
SURFACE 


TURBULENCE LEVEL 


@= £60 Jism? 


GRIO OSCILLATION 


TEMPERATURE 


T=20 °C 


SALINITY 


Ss 3 “lee 


OIL CONCENTRATION 


SURFACE LAYER 


DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 


RUN On, 
WEATHERING 


C77 E ko 


Ol. SUPPLY 


SURFACE 


tm = 2 min. TURBULENCE LEVEL 


@= 1480 Jjism? 


“BESH" 88 BARGE ="E5Se 


sex © 
aig | GRID OSCILLATION 
tm: & min. 


TEMPERATURE 


“E2097. Ob PARSE 2 st3s T=20 °C 


Sax 
s¥le 
SALINITY 
tm = 6 min. Ss 30 “lee 


ee BARRE S's©3, OIL CONCENTRATION 
Syke ‘ | SURFACE LAYER 
tm: 8 min 
aie BARRE S1ZEG, | 
wie 
tm 210 min. 
MEZSY" OB BARBER ‘3®S, 


PTTTTrrrrrrrrrri) st 


FIGURE II.52 OROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tm. LBPS DATA 


- 112 - 


sox 


UELGHT, OY BARGE SIRES, 
aie 
HEIGHT, ON BIROE StZEGS 
ro © 4 
re 
MELGHT, ON BARGE SIZES. 
i 
i rf ~ 
WELONT, ON PAQOE SIRES, 
rrrrr\rrrrrrrtritritre 
giraancseSsleees 
SISRASSRSRERE S 
—s> d,{ ym) 
FIGURE III. 53 


AT TIME tm. 


t 1 ; 
m= mm. 


tm: 3 min 


tm: & min. 


LBPS DATA 


- 113 - 


RUN On. 
WEATHERING 


C79 PB em 


Ol. SUPPLY 


SUBSURFACE 


TURBULENCE LEVEL 


e: 55 Jism? 


GRID OSCILLATION 


' gria= 600s 


TEMPERATURE 


T=20 °C 


SALINITY 


S= WO “lee 


OIL CONCENTRATION 


C = 80 ppm 


DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 


RUN On. 
WEATHERING 
c 80 PB om 
ig Ol. SUPPLY 
> 
SUBSURFACE 
tm= 2 min. TURBULENCE LEVEL 
BARBE $1353 
BEST UR e= £40 Jism’ 
186% 
eke GRID OSCILLATION 
tm=s 3 min. 
WEAGYT OH BARGE SIRES, a 
Sar: T=20 °C 
SALINITY 
tm= 6 min. S= 3 “hee 
MELGY"LBY BEREE 24983. 
OIL CONCENTRATION 
sex 
le . C = SO ppm 
tem 28 min. 


“B2SY" SE BARGE 2°95S2 


PITT PrP rrrrrre e's 


FIGURE IIT.54 OROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tm. LBPS DATA 


- rl4 - 


168% 
w¥le RUA Ol. 
WEATHERING 
tm= 1 min. 
C 81 PBem 
SI 
WELGUT, OY BAROE S'e€ is ee, 
106% 
eet SUBSURFACE 
tm = 2 min. TURBULENCE LEVEL 
@= 1480 Jism? 
WEIGHT OH PISGE S'e®j5 
1oe 
=a, GRID OSCILLATION 
ate 
tm: & min 
TEMPERATURE 
sI 
WELGYT, ON BARRE S'2*3. —e 
Sex 
eY¥le 
SALINITY 
tm = 6 min. Sz 30 “lee 
WE2GYT SH BARGE S's°s5 OIL CONCENTRATION 
190% = 
, c 
eel = 50 ppm 
tm = 8 min. 
“E2047 SH PARSE 2's°35 
108% 
Syl 
tm 210 min. 
WEZSY", OH BARRE S'Z®3, 
rTTTTTTTTTTTWTYTWTWTW 
SieanassesSERRS 
‘9 *BPrenhetrtes FF 
JPRARSSRERERS 


FIGURE III.55 OROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 
AT TIME tm. LBPS DATA 


- 115 - 


aut 
tm =0.Smim. 
ee tT TY 
MEH, GY BARGE $455. 
sex. 
tmz 1 min. 
WELGUT, ON BARGE S'efEe 
se”. 
Hi 
tm=1.5 min 
WEZOST, BY BARRE S's€2. 
rvTTTrTriirgrrgsrgttty 
oieannssrSseeess 
D2enasssesgenee 
—s d,( pm ) 


RUN On. 
WEATHERING 


C82 PB ein 


Ol. SUPPLY 


SUBSURFACE 


TURBULENCE LEVEL 


@= 1480 Jism’ 


GRID OSCILLATION 


' gria = ss 


TEMPE RATURE 


T=20 °C 


SALINITY 


S= 30 tee 


OIL CONCENTRATION 


C = SO ppm 


FIGURE II.56 OROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 


AT TIME tm. | LBPS DATA 
- 116 - 


MElGY" 08 BARBR S°35S: 
Sex 


ese 


ME2GH", OH PARSE S'e*Ys 
se:: 


oe 


“B2SY" GE BARGE S*sS 2 


CTTTTTTTrrrrirriti 


5s 
0.8 -14.5 


tm =15 min 


RUN Ol. 
WEATHERING 


c 83 PB em 


Oil SUPPLY 


SUBSURFACE 


TURBULENCE LEVEL 


@e= 3500 Jism’ 


GRID OSCILLATION 


t gria= ss 


TEMPERATURE 


T=20 °C 


SALINITY 


S= 3 “lee 


O1lL CONCENTRATION 


C = 30 ppm 


FIGURE 111.57 OROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 


AT TIME tm. 


LBPS DATA 


ie 
tm= 1 min. 
“BEGY"SS BARBER S*s5i2 
sex. 
we 
tm = 2 min. 
“E297 88 BARGE =‘sTis 
Sex. 
ote 
tm: & min 
a PARBR S's 82 
we 
tm: 6 min. 
“EESY" 88 BARBER 2'EE32 
25% 
Wyle 
tm: 8 min. 
eee Be PARSE "2°; 
tm 210 min. 


RUN On. 
WEATHERING 


C8. 39 PBg, 


Ol. SUPPLY 


SUBSURFACE 


TURBULENCE LEVEL 


@e= 3500 Jism’? 


GRIO OSCILLATION 


TEMPE RATURE 


T=20 °C 


SALINITY 


Sz 30 “hee 


OL CONCENTRATION 


C = 830 ppm 


FIGURE II.58 DROPLET SIZE DISTRIBUTIONS IN GRID COLUMN 


AT TIME tm. LBPS DATA 


- 118 - 


III.4 Results 


The measurements of the oil droplet size distributions in the grid column 
consisted of the following data: 


a) 


b) 


LBPS data. The LBEPS was equipped with the optical system for particle 
measurement between 11.5 and i130 um. The subranges are shown in 
Figure III.2. The reliability of the measured droplet size 
distribution is indicated by the parameter “best log error" (see 
Figures III.6 through III.58) with the guidelines given in Appendix 
A.2.1. 

video registration. 


The following remarks are made concerning the reliability of the droplet 
size distributions derived from the LBPS and video data: 


a) 


b) 


c) 


d) 


determination of the largest droplet sizes from the video was reliable 
if the diameter of the droplets fulfilled d. > 1000 um. Determination 
took place by direct measurement of the size, or by observation of the 
terminal velocity. 

the determination of complete droplet size distributions (number of 
droplets per measurable size class) from the video screen was infeasi- 
ble. The observations were restricted to (1) the determination of the 
largest droplet size, (2) the determination of an average droplet size 
(for the size class with the largest volume of oil), and (3) the 
smallest droplet size (if possible). 

measurement of the largest oil droplet from LBPS data was possible 
only if droplets in the largest subrange of measurements were absent 
or almost absent (see Figure III.2). Otherwise, the largest droplets 
were obtained from video. 

the minimum droplet size in LBPS measurements was generally not the 
smallest droplet size present in the water sample. The minimum detec- 
table size class depends on the presence of other classes in the range 
of measurement. This item is described in Section III.2 and Appendix 
A.2.1. The Figures A.l3a and A.l13b show the same droplet size 
distribution (experiment 55) scanned by the LBPS with the two optical 
systems applied. The minimum droplet size observed was 100 wm for the 
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usually applied system, and 20 um for the other optical system. The 
Figure A.14 gives examples of the smallest detectable size class for 
droplet size distributions described by N(d,) - 4,-*-5" on the size 
range from infinitely small to different values of the largest size 
class d...- 

e) in principle, the LBPS data show the droplet size distributions ir. the 
range from d.,, to ¢, = 1130 pm. The reliability of the measured 
distributions depends on the signai/background ratio, where the back- 
ground level was due to oil droplets from previous experiments, dust 
particles and air bubbles. 

f) the average droplet size d.,, with equal oil volumes for smaller and 
larger droplets than dog was generally easily observed from the LBPS 
size distribution. (The example in Figure III.2 leads tod... = 
50 un, d.4 = 250 ym and d_, ~ 800 um). 

The preceding remarks on the measured data make it clear that the measure- 

ments in the grid column did not lead to the complete droplet size distri- 

butions in various conditions. However, the main purpose of the present 
experiments was to obtain the influence of various parameters (oil type, 
turbulence level, temperature, etcetera) on the droplet size distribution. 

On the other hand, complete droplet size distributions for a limited 

number of conditions were measured in the flume experiments described in 

the Sections V and VI. The influence of the various parameters on the 
droplet size distributions was observed in the grid column by the 
influence on the maxiaum droplet size dx» the average droplet size dso, 
and the minimum size d.,, a8 defined in the preceding remarks. The 
influence of the parameters on din’ 459 and 4,,, defines the influence on 
the entire droplet distribution. This statement vas justified as a result 
of this study, by the determination of the droplet size distribution 
N(d,) - qs independent from the various parameters. 


The examples in Figure A.14 anticipate c= the droplet size distri- 
bution relationship determined finally in the present study as the 
usual distribution in all conditions, see Sections V, VI and VII. 
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The influence of the water salinity and oil concentration in the water was 
obtained from the droplet size distributions in Figure I)'.59: 

Figure III.59a: 4d.(f) versus water saliaity $ 

Figure III.59b: 4,(f) versus oil concentrat ‘on C,. 
Other measured droplet size distributions were compiled in the Figures 
III.60 to III.64, showing graphs with the values of din’ dco or Gex 
versus various parameters: 

Figure III.60: 4..., dsq and 4d... for Prudhoe Bay crude (PB)) versus 

turbulent energy dissipation rate e 

Figure III.61: 4... deg and 4d... for Ekofisk crude (Eko) versus ® 

Figure III.62a: deg for PB, versus temperature T 

Figure III.62b: dso for Eko versus T 

Figure III.63: deo for PB versus weathering state (by evaporation). 

Figuce III.64: 4d, and dep for PBL. (emulsified oil) versus e 
The following results were obtained visually from the LBPS data and from 
the reduced data in the Figures III.59 to III.64: 


Salinity S. Measurements with S = 30 °/oo (salt water), 3 = 10 °/o0 
(brackish water) and 3 = 0 °/oo (fresh water) where performed. Examples 
are given in Figure IIi.59a. The droplet size distribution appeared in- 
dependent of the salinity. 


Concentration C,. Measurements with oil concentrations C, = 20, 50 and 150 
ppm (g/m*) show similar droplet distributions. Consequently, the effect of 
the coagulation of oil droplets is not important in this concentration 
range. Measurement examples are given in Figure III.59b. (The narrow 
distribution for C, = 20 ppm is apparently due to the low concentration). 


Steady state turbulence. A steady state droplet size distribution was 
observed after about five minutes in a steady state turbulent ambiance. 
The steady state was apparently not an equilibrium between break-up and 
coagulation (see the preceding results). It is supposed that a changing 
physico-chemical behaviour of the oil droplets (due to fractionating by, 
e.g., dissolution or adsorption of components) prohibited further break- 
up. 
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plotted in Figure III.60 (Prudhoe Bay crude), Figure III.61 (Ekofisk 
crude) and Figure III.64 (emulsified PB oil); d,.., d,;,, and dep are 
shown if available. The figures show the difference in size distribution 
for teria * 5 s (simulation of a single breaking wave), and the steady 
state at t, > 300 s. The droplet sizes of the low-viscosity Ekofisk oil 
were considerably smaller than the sizes found with Prudhoe Bay oil. The 
figures suggest a linear relationship between log d, (with d, = di... dep 
or d.,,) and log e, in the high turbulent energy range frome = 100 3/ms 
to the maximum applied energy e = 3500 3/m*s. This is shown in the Figures 
III.60 and III.61 by straight lines. All lines appear to have the same 
slope. This relationship apparently cannot be extended to the low 
turbulent energy range, with e < 100 J/as, probably because in this range 
the break-up of large oil droplets was due to shear not predominantly 
generated by turbulence, but with a relatively considerable shear 
contribution caused by the buoyant oil droplets rising in the ambient 
water. Clearly, this effect was most significant for low-turbulence water 
and big oil droplets, when the break-up of droplets was due only to the 
rise velocity in the experiments in which e = 0. 


Temperature. The temperature affects oil viscosity and consequently the 
break-up of droplets. The effect of temperature on the measured droplet 
size distribution was very clear, Figure III.62 shows the temperature 
effect on the mean droplets size dgg Of PB, and Ekofisk for different 
energy levels, e. 

Note: The terminal velocity of droplets is affected significantly by 
temperature due to the influence of the water viscosity on W. However, the 
data in Figure III.62 were obtained from LBPS measurements during and 
immediately after the time period of grid oscillation, where the influence 
of Won the droplet size distribution is small. No data of droplet sizes 
were obtained from video recordings of terminal velocities. 


Weathering state. Figure III.63 shows the d<, - e relationship for PBp, 
PB, and PBio, indicating weathering of Prudhoe Bay oil by evaporation over 
a period of 0, 3 and 10 days. Weathering increases the viscosity (see 
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Table A.1) and leads to larger oil droplets. 


Emulsification. Figure III.64 shows the measured value of d.,, and dcp 
versus e@ for emulsified Prudhoe Bay oil (PB..). The droplet sizes are 
larger than the droplets of PB,, PB, and PB,,, as could be expected from 
the high viscosity of the emulsified oil mass. (See Table A.1; PBL. has a 
non-newtonian viscosity behaviour as shown in the shear rate - shear 
stress curve in Figure A.27). 


Surface and subsurface oil. The bulk of the measurements were performed 
with oil parcels introduced into the column near the bottom. Two experi- 
ments were carried out with thin oil films (thickness 50 - 100 ym) on the 
water surface. Figure III.61 shows almost identical relationships between 
droplet size and turbulence energy for subsurface and surface oil. (Note 
that the largest droplet sizes in the size distribution were larger than 
the thickness of the surface film in contradiction to Aravamudan et al's 


(1982) assumption on the maximus droplet size). 


The experiments indicated that the droplet size distribution depends on 
turbulent energy, temperature, oil and oil weathering state, the latter 
three parameters strongly influencing the oil viscosity. Figure III.65 
relates the droplet size dso, turbulent energy dissipation rate e, and oil 
viscosity V5" Obviously, the viscosity ‘5 is a significant parameter for 
the d, - @ relationship. 


III.5 Conclusions 


The following conclusions were drawn from the grid column experiments on 

the effect of turbulence on the droplet size distribution of dispersed 

oil: 

a) Droplet sizes increase with increasing oil viscosity V5 (see Figure 
III.65) according to the following relationship: 

y?-34 e050 


. 1 (III.1) 
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b) 


‘c) 


a) 


e) 


where 4.;,5 “gg, 824 dsgp can be substituted in Equation (III.1). 
(d.in> “gq and di, are defined on pages 119 and 120). Equation 
(III.1) is valid, at least, in the experimentally applied relatively 
low- viscosity range, v= 8x 10° to 220 x 10° m*/s (excluding the 
high-viscous non-newtonian PB emulsified oil). The viscosity 
relationship could be supported only from the sufficiently accurate 
measurements in highly-turbulent ambience (e 2 440 J/m*s). 

Droplet sizes are independent of oil concentration, water salinity and 
whether the oil is introduced in the water from a thin oil film on the 
water surface, or as submerged oil parcels. The droplets depend on oil 
type, weathering state and temperature only as far as they infiuence 
the viscosity (Equation III.1). 

Droplet sizes decrease with increasing turbulence, see Figure III.60 
and III.61. The d, versus e relationship in Equation (III.1) was valid 
in highly-turbulent water defined by e > 100 J/m*s. 4,,., dco and 
daz can be substituted in Equation (III.1). 

Droplet sizes in low-turbulence water (e < 100 J/m*s) are smaller than 
according to Equation (III.1), because of the additional break-up of 
big droplets due to the terminal velocity. The shear on the droplets 
due to the terminal velocity is negligible as compared with the 
turbulence generated shear in highly-turbulent conditions. 

A steady droplet size distribution in steady state turbulence condi- 
tions is attained at terid = 5 min. Consequently, the droplet size 
distribution obtained in breaking waves depends on a time parameter: 
the proportionality constant c, in Equation (III.1) depends on the 


turbulence duration teria’ 
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IV. OIL - SPM INTERACTION 
Iv.1 Introduction 


Real ocean conditions imply a certain concentration of suspended parti- 
culate matter (SPM) in the water. Typical concentrations are of the order 
of 0.1 ppm in deep-sea conditions, 1 ppm in coastal zones, up to 100 ppm 
in surf zones and occasionally even more than 100 ppm in river deltas. Oil 
droplets may interact with the suspended particles. This chapter describes 
a series of fundamental oil - SPM interaction experiments in the grid 
column. The experiments were conducted to investigate the following phe- 


a) equilibrium time for the oil - SPM interaction, 

b) ofl content of oiled particles, 

c) preference o2 specific oil droplet sizes in the interaction process, 
d) ofl composition in oiled particles, and 

e) flocculation characteristics. 

Information about these phenomena was required before laboratory experi- 
ments on the diffusion of oiled particles could be performed with modelled 
hydrodynamic ocean conditions. 


The Interim Report [1986] gave the current knowledge on oil - SPM inter- 
action (see also Chapter II). The knowledge is very limited, and consists 
of the following facts and suppositions important to the present study: 

a) it is supposed by some authors that oil adsorption takes place mainly 
by adsorption of thin oil films onto silt particles which are subse- 
quently flocculated rather than by adsorption of discrete oil drop- 
lets. 

b) electrolytes (salt) in the seawater are important to the destabiliza- 
tion of dispersed oil droplets and suspended silt particles, and to 
the aggregation of oil droplets and SPM. 

c) oil droplet - SPM interaction requires collisions between the par- 
ticles. Collisions are due to Brownian motion, velocity gradients 
generated by currents and turbulence, or differential settling. 

d) ofl adsorption depends on the oil composition, SPM composition 
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(especially the organic carbon content of the particulate matter), and 
on particle and droplet sizes. 


In view of the preceding statements, the oil - SPM interaction experiments 

in the grid columm were conducted to the following parameters: 

a) the salinity of the column water is similar with seawater, 

b) two types of ofl (Prudhoe Bay and Ekofisk crude), | 

c) two types of silt, one type with a certain organic carbon content 
(OCC) and the other type with OCC = 0, 

d) varying oil and SPM concentrations, 

e) varying turbulence level and turbulence duration (time of grid oscil- 
lation). 


IvV.2 Sus Particulate Matter (SPM 


The experiments in the grid column were performed with the following two 

types of silt: 

a) Kaolinite, obtained from a china factory. The organic carbon content 
is zero. The particle size distribution was meanured with the LBPS 
supplied with an optical system for particles in the range from 1.2 to 
116 ym. The particle size distribution is shown in Figure IV.1. (Floc- 
culation of particles was avoided during the 4, measurements). 

b) Waddensea silt was collected from the intertidal sone of the Wadden 
Sea along the Northern Dutch coastline. The measured organic carbon 
content was 7 percent. Figure IV.2 shows the particle size distribu- 
tion for unflocculated Vaddensea silt. 


Tests with silt in the saline water (S = 30 °/oo) of the grid column, 
without introducing ofl, show a pronounced flocculation behaviour for both 
types of silt. Figure IV.3 shows the floc size distribution for kaolinite 
in the grid column in three different turbulent conditions with e = 55, 
440 and 3500 J/s m°. The silt concentration C, in the column was 10 ppa. 
The particle size distribution depends on physico-chemical characteristics 
of the silt and the ambient water. Moreover, the turbulunce level influ- 
ences the floc size, on one hand by the formation of locs 4due to col- 
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FIGURE IV.1 particle size distribution of kaolinite 


FIGURE IV. 2 Particle size distribution of Waddensea silt 
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FIGURE IV.4 Particle size distribution of flocculated Waddensea silt 
in turbulent environment (e = 440 J/s a? » Cy = 10 ppm). 
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lisions between the particles, and on the other hand by the break-up of 
flocs due to shear forces. Figure IV.3 shows a» obvious decrease of floc 
sizes with increasing turbulence level in the range from 55 to 3500 
3/s m’. Comparison with Figure IV.1 indicates cat there is still some 
flocculation at e = 3500 J/s =’. Figure IV.4 shows the particle size 
distribution cf Waddensea silt in the grid column in the conditions of C, 
= 10 ppm and e = 440 J/s m°’. The Figures IV.1 to 4 indicate a quite 
similar particle size distribution for kaolinite and Waddensea silt in 
unflocculated conditions (Figures IV.1, 2) as well as in flocculated con- 
ditions (Figures IV.3a, 4). 


IV.3 Experimental Set-up 


The oil - SPM interaction experiments were performed in salt water in the 
grid column. The water salinity S$ was 30 °/oo, and the water 
density a, * 1025 kg/m*. The grid column is very suitable to study the 
interaction of oil droplets and silt particles in homogeneous conditions 
of turbulence and oil and SPM concentrations. 


An experiment started with the introduction of a certain amount of silt 
into the column. The silt was mixed homogeneously with the water by forced 
circulation for fifteen minutes. The silt concentrations applied in the 
column ranged from C, = 6 ppm (g/m?) to C, = 75 ppm in the various experi- 
ments. The highest concentration wes related to the silt concentration 
that may occur in the surf sone (see Section IV.1), while the lowest con- 
centration was minimum concentration needed to obtain accurate results in 
the laboratory measurements as regards the amount of oil and oil «omposi- 
tion in an oiled-sediment sample. 


Large oil droplets (d, = 10 mm) were introduced into the column by the 
bottom inlet until homogeneous vertical distribution was obtained. (This 
procedure is similar to the oil droplet size experiments described in 
Section III). Turbulence was then generated by the oscillating grid during 


a certain time teria: 
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The LBPS was used in the first oil - SPM experiments in the same way as in 
the droplet size experiments (see Section III). Water samples were with- 
drawn continuously from the middle of the column and led through the 
sample cell of the LBPS. The apparatus was equipped with the optical 
system for measurement of particle sizes in the 1.5 to 116 pm range. The 
LBPS was not capable of distinguishing oil droplets, SPM particles, floc- 
culated silt and oiled particles. Figures IV.5 gives an example of the 
size distributions of silt and oil particles in the 1.5 to 118 pum range in 
a typical experiment. Waddensea silt was introduced and mixed homoge- 
neously in the column, with a concentration C, = 15 ppm. At time t, = 0 
the grid was switched on and ran during the entire experiment (3 hours), 
generating « turbulence level characterized by e = 440 J/s m°. Figure 
Iv.5a (t, = 0 min) shows the silt particle distribution at the start of 
the experiment. PB, oil was introduced at t, = 5 min. (C, = 100 ppm). The 
particle distribution at t, = 7 min. shows a considerable contribution of 
oil droplets in the largest measured size range, 55 to 118 um, while most 
oil droplets will be larger than 118 pm. (Figure IV.5b). The Figures IV.5c 
through IV.5h show the temporal trend of the particle distribution due to 
flocculation. However, these data do not differ from a similar experiment 
without oil, except, of course, the oil droplet contribution in the 55 to 
118 wm size range. The measurable flocculation process appeared similar 
for experiments with and without oil. Therefore, the LBPS was not used in 
the bulk of experiments. 


The main measurements in the oil - SPM interaction experiments were per- 
formed with water samples withdrawn from the middle of the column at dif- 
ferent times te: Chemical analysis and visual microscopy of the several 
phases in the samples were conducted. 


Iv.3.1 Method of chemical analysis 


Chemical analysis was performed on o11-SPM water samples by the following 

procedures (described comprehensively in Appendix A.2.4): 

a) The water samples were poured into 1 litre separatory funnels. (See 
Figure IV.6a). The funnels were maintained in a stativunary position 
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FIGURE IV.5 Size distributions of SPM and oil droplets in a grid column 
experiment 
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b) 


c) 


d) 


for about 20 hours. During that time, the water sample separated into 
- a surface layer, phase I, consisting mainly of oil, 

- matter still in suspension, phase II, and 

- sedimented matter, phase III, consisting mainly of silt. 

The different phases were analyzed chemically by a method similar to 
that applied by SAIC (1986). 

In the first two experiments (C88 and C101), the phases II aad III 
together were vacuum-filtered. The oil associated with the silt was 
recovered and analyzed by flame-induced gaschromatography (FID-GC). 
The silt on the filter was dried and weighed. 

In all subsequent experiments, the phases II and III were analyzed 
separately because in the previous method the oil on the filter did 
not consist only of oil adsorbed by SPM, but also contained small oil 
droplets that were not yet risen to the surface in the 20 hour statio- 
nary period. The water samples were collected in small (1 litre) sedi- 
mentation columns, as shown in Figure IV.6b. Phase II was withdrawn 
from the sedimentation column by the nozzle indicated and vacuum fil- 
tered, while phase III was collected by a pipette, and vacuum fil- 
tered. Further treatment of phase II and phase III was identical, that 
is, oil recovery by methanol and methylene chloride, and FID-GC ana- 
lysis. 

The filtrate of phase II was analyzed by GC only in a few cases. The 
dissolved oil concentration was very low and no further attempts were 
made to analyze this part of phase II. 


The grid column samples for GC analysis were generally removed after in- 
teraction times of t. © 1, 20, 60 and 180 minutes. During the entire 
period of 3 hours the grid was oscillating to maintain the turbulence 
level in the grid column. The interaction time t,, was varied over a wide 
range to determine the unknown equilibrium oil-SPM interaction time in 
different circumstances. The minimum time t. = 1 minute and maximum time 
t,, = 180 minutes were experimental limitations. As regards t, = 1, it made 
no sense two consider an interaction time much shorter than the time of 
turbulent conditions in the sample bottle during sampling. As regards the 
maximum time t. = 180 minutes, this is already much longer than the time 


- 139 - 


tse t=20h 
COLLECTING SEPARATION IN 
OF SAMPLE THREE PHASES 


PHASE I — 
PHASE +> 
pause Bs - b) seomentanion 
= COLUMN 


FIGURE IV.6 water samples from grid column in separatory funnel 


and sedimentation column 


- 140 - 


that flume experiments with simulated ocean conditions for oil-SPM inter- 
- actica can probably be continued. (The column experiment were considered 
to be preliminary investigations with regard to flume experiments). 


IV.3.2 Method of visual microscopy 


Visual microscopy was conducted on water samples withdrawn simultaneously 
with the samples for GC analysis at interaction times t, = 1, 20, 60 and 
180 minutes in the various experiments. The samples were collected in 
0.6 litre bottles. Sedimented oiled matter (after a certain stationary 
period) was observed for all samples, and in many cases buoyant oil drop- 
lets were observed as well. 


Generally, an ultraviolet light source was used to increase the visibility 
of the transparent oil droplets and to distinguish the oil droplets froa 
the silt particles by the fluorescent behaviour of oil. (See 
Appendix A.2.2). 


Appendix A.2.2 describes the equipment and the methods used for micros- 

copic observations. It is noted that direct visual observation with the 

microscope has many more capabilities and gave more information than can 
be obtained from the microscope photographs presented in this section. The 
limitations of the photographs are described in Appendix A.2.2. The 

Figures IV.7 to IV.9 give micrographical examples of the fol‘owing fea- 

tures: 

a) Pure oil droplets are shown in Figure IV.7. Zhe fluorescent droplets 
were surfaced to the top glass of the sample cell. The sample was 
taken during a “blank" experiment without SPM in the grid column. 

b) Figure IV.8 shows SPM-coated buoyant oil droplets, surfaced to the top 
glass of the cell. The upper subfigure was made with a visible-light 
source, taken against the light, the lower figure was made with the UV 
light source (fluorescence). 


c) Oiled sediment on the bottom of the sample cell was photographed using 
the UV light source, see Figure IV.9. 


Run C122 Ekofisk crude 


e = 3500 J/s a, t° 10 min. 


FIGURE IV.7 
w Micrograph of oil droplets in a grid column 


experiment 
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Run C124 

PB, + kaolinite 
e = 3500 J/s a 
ce 180 min. 


Run C123 

Ekofisk + Waddensea 
silt 

e = 3500 J/s = 

t= 180 min. 


FIGURE IV.8 suoyant SPM-coated oil droplets in a grid column experiment 
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Run C124 PB, + kaolinite 
e = 3500 J/s mn, t,, = 180 min. 


FIGURE IV.9 Micrograph of oiled sediment from a grid column experiment 
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Iv¥V.4 Presentation of the Measurements 


Oil - SPM experiments were performed in the grid column with different 
values of the following parameters: 


a) oil type: PBo = Prudhoe Bay crude, unweathered 
PB, ° Prudhoe Bay crude, weathered by evaporation for 
three days 
Eko = Ekofisk crude, unweathered 
b) SPM type: kao = kaolinite, organic carbon content OCC = 0 
wad = Waddengea silt, OCC = 77% 
c) oil concentration: Cc, = 10 35 and 100 g/n°, 
4) SPM concentration: C,.. = 6 20 and 60 g/m’, 
Cosq = 7-5 15 30 and 75 g/m’, 
e) turbulence level: ¢ = 440 and 35(2 J/s m°, 
f) interaction time: t= 1 20 60 and 180 minutes. 


The experiments performed are listed in Table IV.1, with the experiment 
number in the first column, and the different parameters in the columns 2 
to 7. The data in the columns (8) and (9) deal with the measurements and 
are discussed in Section IV.5. All experiments except C128 were performed 
in the grid columns. 


Experiment C128, consisting of 12 subtests, was performed in small (0.5 
litre) beakers. Turbulence was generated by a magnetic stirrer, the energy 
dissipation rate e is equal is all tests, but the value is unknown. The 
interaction time in experiment C128 runs from 3 8 to 18 x 10° » (= 50 h). 


Iv.5 ts from Gaschromat aphical Analysis 


Water samples for GC analysis were removed at t, = 1, 20, 60 and 180 
minutes in almost all experiments. Table IV.2 lists the GC analysis of oil 
in the various sample phases I, II and III. The total weight of oil in the 
sample phase is given in column 25. Columns 4 through 24 list the relative 
n-alkanes from C10 to €30, the concentration of C20 was set to be 100 
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Table IV.1 (continued) 


(2) | (3) (4) (5) (6) (7) (8) (9) 
ri-4 Oil | SPM | Oil SPH turbu- | inater- o/s Residual 
type | type | comcen- | concen- | lence action ratio in |SPM in 
tration | tration | level time phase III/ phase II 
c e t 
(g/m?) (3/e w) Ge (2) 
1 1.9 
! 20 3.0 11.5 
60 2.2 10.0 
180 4.0 9.3 
l 5.3 
20 9.6 7.7 
|C109 Eko | Kao 100 60 3500 60 12.1 6.6 
180 12.7 6.1 
| no meas. 
20 1.1 
iC101 Eko | Wad 100 75 440 60 2.2 
180 2.3 
l no meas. 
20 2.2 5.6 
C102 Eko | Wad 100 30 440 60 2.6 4.2 
180 5.8 3.3 
l 7.8 
20 18.4 9.5 
c123 Eko | Wad 100 30 3500 E 22.9 6.7 
180 34.0 8.7 
0.03 1.1 
0.3 1.1 
ICL28A PB, Kao | 100 60 ? 3 1.6 
30 1.2 
300 11.7 
3000 16.9 
0.03 0.9 
[c128B Eko | Kao | 100 60 ? 0.3 1.4 
3 1.6 
30 4.3 
300 8.1 
3000 22.8 
PB = Prudhoe Bay crude 
Eko - Ekofisk crude 
Kao = kaolinite silt 
Wad = Vaddensea silt 


o/s ratio = o11/SPM weight ratio 
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3 
. . Table IV.2 Hydrocarbon concentration in grid colum experiments. 
, m@Qoi« eo @& @® ® ® os (52) (13) (h4) CHS) C96) CHT) C08) (99) (20) (21) (22) G23) (24), (25) 
: 
2 
ji. Relative n-alkanes concentration (C20 = 100) Li 
| | 
th Chi C12 C1 C14 CHS ClO CHT COB CHO COP COL CoD Cod CO CO Ce Co cme tee cel 
+-+-215* WW 100 100 10 1% 105 1.3 
@-+-' (6 6 & 0 Ww 165 100 100 10 100 6.9 
B-+-nH iM MW TH 10 16 100 100 165 100 13.9 
Z2+i-wvwit# & 8 SG 1¢ 100 100 10 100 2.16 
B-+i-wmwiwvinwe Ss & 165 100 100 105 1% 6.92 
“Ilelll-2 |? @ @ @ @ B 100 ’ 1G 15 i” 186 | 0.24 
-Ii-lll-t (3? 5$ 5 0 @ od 1% 115 i” 165 290 120 | 0.8 
-Itl-vigw 8&8 BO 0 100 120 it 1% 2” 220 | 6.22 
lll-we? 0 mW Ww 70 100 iv 160 200 Ws 320} 0.19 
ime s sa 6 8 ee en ee ee) 
101 -1-20 »HMH 0 KF MH WM DW DH 100 100 100 100 100 105 105 110 105 120 195 190 110] 6,49 
101 -1-00 BS © 8S © S M 100 100 100 100 100 105 195 110 105 115 WS 195 110) 5,79 
101 -1-180 i 8 © 6 MW © WM DS 100 100 100 105 105 fie 110 15 iP | 
WHi-i-2) 1S 20 SS % 8 BS 8 MW WS 100 105 105 110 120 12 135 10 190 195 165) 0.% 
tiie ii 2 SS 0 OM ES OFS 100 100 100 109 105 105 119 115 115 125 160 4135 155) 1,70 
5 SHB ES SB SB MW BS WH 100 100 165 110 115 115 115 125 160 190 150) 1,54 
2-1? IS Bee SH HM H FH 
102-1-00 “eevrenHen 58H We 
102-1-180 SS SBE KB SB He 
ltl > es. be i> >a Mee >| 
ret a oe ee ee ee > | 
wikwei ns wh HWrHeHMeS SS we OS 
w?-kbni*n sown et HH eB 
wih in an BeEHHSE S 
Wiirwvwis SDwHwHkHhHh Hw 
| i oe. 
& SS SB 
56 hh OH 
| i i> in > 
6 6 ww % 
} 


Table IV.2 (continued) 


“o@@ i@ G © @ @ @& © (1) (12) (13) 14) C5) Cre) 7) U8) 09) (9) C21) 2D @D "7 (25) 
; 
= . 
ji Relative n-alkanes concentration (C20 = 100) ; 
ii a 
ii CHO CE C12 C13 CHO CHS hb CHT CHB CHO COD COL CoD CUD CN COS Ch GT ce oe el 
1¢5-1-20 @ 0 1 & % 15 5 100 100 100 100 100 95 105 100 109 190 100 109 9S $00] 7,48 
105-1-40 BES 6S 5 100 100 10 105 9S 105 165 105 105 100 110 100 4951 2,32 
Wii 67 1 1S 1S HS 1 OO MS MS HS 100 100 9S HOS 180 110 120 80 425 0,28 
WS-10-20 }120 HH SO SS 1 MO % «9% 9% 100 120 B15 160 475 175 290 230 305 300 IHS lO.N8 
UOS-LN-d 100 50 tS SHS tM 110 120 16 4S 2S) NS HS I aS lO 
W118 1 2 15 MSS 70 MD BS HO 100 MES 130 165 295 250 JOS JN 455 480 S50] 0,08 
108-111-1 wmn»ys & #13 9 100 1275 135 180 235 235 200 325 450 480 500/0.05 
S-11l-20 | % 0 1S SB MW WH TS ES MW 100 110 120 145 250 200 270 MS ISS 3S 410) 0,09 
1-111h-60 | 100 4 MM 80 6S 7 BS «BS «(9 100 105 $10 130 175 185 220 295 300 300 350) 0,06 
105-110-100) 10 50 MBS MO BS GS MO BO BO 100 115 125 165 225 26S 380 MAS SHS 480 SHO] 0,81 
106-11 -20 6.04 
10e-1] -60 0.05 
106-I1 -180 0.05 
16-11-1 me 0 s178? 2 13? SOS 80 100 175 195 195 345 300 0 mi 30 wl on 
Well] -20 | 4 45 4S oO SS GS 6S BO BS FS 100 100 100 tS 160 160 165 160 195 165 190) 0.42 
Will] - ] 55 WW HS SS Of OS 7 BS 8S «9H 100 105 105 120 145 190 (90 17S 220 170 225) 0.27 
Well] 100) TS 6S 4S 1 4S BO OO 7S BS 9G 100 100 115 135 185 195 200 260 37S 28S 400) 0.15 
107-1-29 3 7S 65 9% 100 100 100 100 100 100 100 105 100 18 105 100 105 100 9% 7 
mae 5 0 OM MS 3 BO PS OS BS BS 100 100 125 IS 240 290 BOO FS 49S WS S00] 0.1 
‘“ |) 
107-11 -100- 1100 35 Sw OO BS OS «© «(FH 100 110 10S 15 LES BOS 2S 225 390 290 320) O08 
107-111-{ minnwnnms TS 100 135 190 10 2 300 HS MS S00 449 0.07 
W-Hi-ni no wm HH OH OH 100 100 105 9 tf 10S 110 190 $90 $90 490 490) 2.99 
Wi-1ll -0 | 60 6S 0 WM 9S «HS HS OS 100 100 100 O10) WS B10 105 105 190 405 9001 2.70 
107-111-100) 7S 0 MW HW MM MS GS HS 9S 100 100 100 9) MS WS WS HHO G10 890 890 908) 2.80 
106-1-20 1 8 % 9% 10h 100 100 100 100 100 100 100 100 100 WS 100 100 108 105 100 99132. 
1-11-20 11 WM HW % SH TS MS W W GS 100 105 190 11S 150 190 160 200 268 285 295) 0.28 
Wi-# 175 GB WH HW © HS % FS 100 OS 140 11S 190 155 175 200 320 HS 37 0.27 
16-11 -100 | 500 SS th OW OS OS OMS OES OBS 100 110 815 125 210 20 270 390 WS SOO SHU 0.15 
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Table IV.2 (continued) 


ai) @) @) ® G) © @ @&) () (96) (11) (12) (13) (94) (1S) (96) (17) (98) (99) (20) (21) 22) DD an 
z 
ji Relative n-alkanes concentration (C20 = 100) P 
= 3 F 
iii 
28 s 
He jmmmumsnwanoaeaoneso ooo oS 
5s 56 0) S 0.4 
TS © 6 TS 8S % % 9% % 100 100 100 100 105 105 105 105 105 115 110 105) 2.08 
BK & & TS MW % BS FS 160 100 100 100 100 105 110 190 190 125 130 125 125] 1.59 
% 6 SS BM 9% % % 100 100 100 105 100 {05 195 tf5 120 430 155 130 135) 0.80 
10-1-20 190 9 9 9% 9% 100 95 9S $00 100 100 100 105 105 105 105 105 105 110 100 90)b6.8 
109-1-60 5&5 6 GB GB 10 106 GB GB 106 100 10 100 100 160 10 100 100 105 100 100 5168.9 
{0-1-1800 | 75 8S 9S 9% 100 100 5 100 100 100 100 100 100 100 105 100 100 405 100 100 901594 
10-11-20 [170 WO 1S SO WO 8 % W WS 9% 100 120 110 110 145 180 980 495 180 205 205) 0.43 
10-11-40 1115  S BO 7S BS 9S 8 GS 9% 100 120 100 405 125 W15 125 150 160 160 175] 0.75 
107-11 -180 1120 WW HS BO 7S 9% % 9% 100 100 100 110 105 105 125 120 125 150 150 145 145) 0.80 
109-I11-1 6 7S TS & MW W FS 100 100 100 LOS 140 120 130 130 H50 M45 170 1801 4.00 
107-111 -20 | 6S 75 8 9% 9% 100 9 9% 100 100 100 $00 $00 105 t0S 100 400 105 115 105 9S) 6.0 
1-111 46 1 7S 8 8S 6 100 100 «69S (100 100 100 100 100 tod WS 1S 105 100 10 165 10 7.3 
109-111 -180 | 60 7S) «BM 90 100 100 9S 100 100 100 100 $00 405 405 110 $05 205 105 110 190 90) 8.2 
123-1-20 | 8S 95 100 106 100 100 %5 100 100 100 100 100 105 $10 105 105 105 110 110 100 100) 83.9 
{Z-1-00 | BS FS 100 100 100 105 95 100 100 100 100 100 100 105 100 100 100 405 9S 9S 100) 82.3 
121-180 | 7S 9S $5 100 100 105 95 100 100 105 100 105 100 110 100 100 100 105 105 100 100) 82.9 
12-11-20 |S 0 W % % $05 105 {10 105 105 100 105 100 100 105 100 100 120 190 120 445) 1.25 
12-11-01 SS 3 OS BO BS «© «9 «© 100 HHS 100 105 125 120 125 110 160 195 100) 0.83 
12-11-10 |100 @ 65 TS 7S 8S % 9% 100 100 100 {15 $05 105 115 110 145 105 125 130 260) 1.42 
{2-11!-1 © 3% © W 30 w WH % 100 100 105 110 115 190 100 150 175 190 220 0.42 
{2-111 -20 | © WH % 8S % 100 9% 100 100 100 100 100 100 $05 105 105 105 {90 105 105 195! 5.80 
{2-111 -© | 75 7S 85 9% 9% 100 100 100 100 100 100 $00 100 105 105 105 105 105 105 100 $05) 6.40 
(Z-1l] -100| 50 & 7S © % FS TS 9S $5 100 100 100 100 165 100 100 105 105 105 100 105] 10.00 
124-1-20 | 90 100 105 405 105 105 100 100 $00 100 100 100 100 105 100 100 100 100 100 9 9) 45.3 
(2-1-0 =| SH FS 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 9 9 9%) 32.1 
1-1-1080 | GS 65 9 5 100 100 100 100 105 100 100 100 100 100 {15 100 100 105 105 100 95) 44,3 
124-11 -20 BBB B GS % 7% MW S 100 125 190 190 270 25 270 280 30 320 380) 0.1 
12-1) -0 0 WH WW GH SS 7S BW % 100 130 130 190 200 200 200 230 360 HS 330) 0.1 
{2-1 -100 © % © G HS M W W HF 100 12 125 190 19% 180 220 250 290 20 300) 0.12 
{M1111 © B % DB & % % MW. % 100 105 115 120 160 190 150 170 185 190 47S) 9.53 
124-11] -20 | 120 100 905 105 105 105 105 105 105 105 100 100 100 100 100 9% 100 100 9% 9% 4.2 
12-111 -40 | 115 100 105 105 105 105 105 105 105 105 100 100 100 105 100 9% 100 100 % % 1.0 
{24-[1] -100/ 105 %5 190 100 105 105 100 105 165 105 100 100 105 105 100 100 100 100 100 9% 10.3 
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Table IV.2 (continued) 


ai) @) @) «> G) © @) @& ©) *) G1) (12) C13) (94) C15) (96) (97) (98) C99) (20) (21) (2) (23) (24) 125) 
j =. Relative n-alkanes concentration (C20 = 100) Pt 
iii 
fi. CHO CHL (12 C13 CHO CHS hb C7 COE CLO COO CON C22 C23 C28 COS Cm CT Ce Cee ce] S 

5 S & ie 9 | 65.4 

{3-1-0 S& © & 105 100 100 100 100 100 100 100 % 100 100 9 100 100 9 105 % | %.° 
{2-1-1 5 S& @ GB 10 GB 100 100 100 100 100 100 100 100 100 100 100 100 105 110 8 | Us 

1B-ll -2 BAaWNSB S& HO HH HM SB W 100 105 105 10 18 123 15 1 19 15 0.4 

{B-ll -# »H &§ HB MW MW WM BH 1% 100 100 105 115 115 125 1 1 140 0 | 1.7 

Bi-wWi vn mA WwW HW DH HB W GB 100 100 105 100 100 125 110 13 10 145 14 1485 | 0.35 

{3-Ill-+1 5 5 3 3 © 6 © 100 100 110 110 110 145 150 160 170 195 200 220) 0.18 
Bll min eH HM HB GH GS MW WH 100 100 105 100 100 100 100 100 10 105 100 105) 4.55 
Gili-wiienhh SH © SH GB GB BS 100 100 105 100 105 105 100 100 100 100 100 105 | 3.10 
1B-1ll -16 1110 8 9 % 100 100 100 100 100 100 100 100 100 100 100 100 % 100 100 100 100) 4.60 
{26-1-20 S 7 % 100 100 100 100 100 100 100 105 105 105 105 190 105 100 105 100 105 | 22.00 
{2b-1-00 TS GS 100 105 105 100 100 100 100 105 100 100 105 105 100 100 105 105 105 100 105 | 18.00 
12b-1-180 5 6 6 © SB SB GB SB 100 100 105 105 105 100 100 105 105 115 105 110) 8.50 
{2b-Il -20 HH WH OH HO HO M HB 100 110 12 1% 220 185 20 185 295 320 MO] 0.15 
12b-li -00 owW SS 5S SH SH SH BS W 100 110 116 110 25 160 180 145 260 235 235!) 0.15 
126-11 -180 "© 6 SB #2 BB SB DS BS BH 100 120 105 100 120 105 115 15 10 1 10) 0.0 

{2b-L1I-1 170? (30? 20 1057 4 105 9 90 100 150 {70 210 380 390 475 475 BBS 550 620) 0.08 

126-11] -20 3 0 7 © 88 8 8 W 100 100 100 100 100 105 105 105 100 110 105 110) 1.65 

{26-111 -60 0 MW S © © © % W 100 100 105 105 105 105 105 110 110 110 110 110) 1.85 

{26-111 -180 0 0) MW S M M BS 100 100 105 105 100 105 105 105 105 110 105 110) 1.85 

127-1-20 

121-1-00 Bw SS © TH & WM BS 100 100 100 110 110 125 12 18 135 185 145 170) 2.15 

127-1-180 »~>AnunHses a od 9 100 100 110 110 140 160 170 200 245 280 0.3 

127-11 -20 0 7 0 65 120 13 170 145 120 100 9% 120 1% 235 22 20 MS 3% ISO JM) 0.5 

{27-11 -00 SB 115 @ 100 75 115 100 % 100 160 130 110 185 245 312 280 00 380 3% | 0.16 
{27-11-18 ’ 2 0 WW 8 65 105 100 9% 100 140 13% 135 MS 2S 225 2355 WS 5S MO] 0.14 

{27-11-14 RY H -o 3S 1” 9 100 145 150 170 290 300 37S JTS 705 570 0.04 

127-111 -20 1207 20 100 WW 7S HH MS © 6 108 1 13S 145 200 285 WOO TS 5 5S BO] OO 
127-111 -#0 1507 © 110 3S 85 35 9S «% BS 100 220 1 19 32 270 30 IO WS 40 B00) 0.13 

{27-111 -10 1007 Om OM OTS OHO OOH 1 10 1 16 280 20 275 350 425 5 SHO] 0.14 

{1 5 8 38 3% © 6 8 © S 100 110 120 125 180 1% 195 25 300 325 320) 9.16 

{28-2 mo 2 7S 8 OS OS OO OM OS «100 110 «118 115 180 180 195 225 0 300 325) 0.17 

128-1] S$ © 8 © 100 © 8 %S 100 100 120 105 100 170 10 150 20 28 210 235) 0.23 

{2a-¢ Ss 8 © 8 SB 8 W 100 100 120 110 115 190 170 190 260 300 300 30) 0.17 

{126-5 eo 35 8 BS © 8 70 W 100 100 106 100 100 195 105 100 105 115 110 105) 3.12 

128-4 s 58 & © © WM MF WM 100 100 105 100 105 105 190 105 110 120 115 415) 3.68 

128-7 3o 0 6 OS OS OBS 1M «100 100 100 115 100 105 170 175 195 265 295 HS JO) 0.19 

® 0 & W TS M 119 105 100 100 115 105 110 160 170 199 260 HS 360 410) 0.20 

128-9 3S © 6 50 8 % 195 105 105 100 105 100 105 130 160 180 170 195 200 225] 0.28 

128-10 5B BS © 3% TS WM 100 100 100 100 105 100 100 130 190 160 205 225 215 220) 0.78 

128-1! 3S 6 © 8 8 © % 1 100 100 100 100 100 100 100 105 105 105 9 %) 2.71 

128-12 5 60 0 TS © 8 100 19 100 100 100 100 105 110 105 115 110 415 100! 1.42 


(column 14). 


The oil - SPM weight ratio, o/s, of sedimented matter (phase III) in the 
sedimentation column, is given in Table IV.1, column (8). The weight of 
SPM still in suspension after a long time in stationary position, phase 
II, is given in Table IV.1, column (9). 


The total set of experiments yields the following comparative analysis: 

a) experiment C125, C126, C127. Derivation of the effect of oil and SPM 
concentration with constant oil1/SPM proportions. Figure IV.10 shows 
the measured o/s ratio in phase III (non-buoyant oil1-SPM agglomera- 
tions). 

b) experiments C105, C88, C103, C106. Experiments with different Wadden- 
sca silt concentrations but equal PB, oil concentrations (Figure 
IV.lla). 
experiments C101 and C102 with different Waddensea silt concentration 
but equal Ekofisk oil concentrations (Figure IV.11b). 

c} experiments C125, C124, C109, C107, C108. Comparison of kaolinite 
experiments with different oil types PB), PB, and Ekofisk (Figure 
IV.12a). 
experiments C106, C101. Comparison of Waddensea silt experiments with 
different oil types PB, and Ekofisk (Figure IV.12b). 

d) experiments C106 and C107 with PB, and different SPM types (Figure 


IV.13a) 
experiments C101 and C108 with Ekofisk and different SPM types (Figure 
IV.13b). 

e) experiments C107, C124: PB, + kaolinite 
(Figure IV. 14a) sets of 
experiments C108, C109: Ekofisk + kaolinite experiments 
(Figure IV.14b) with different 


experiments C102, C123: Ekofisk + Waddensea silt turbulent energy 
(Figure IV.1l4c) 


f) experiments C128A, C128B. Experiments sets of experiments 
with kaolinite and different oil types in different 
in stirred beaker. (Figure IV.15). laboratory facilities 
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s) 


h) 


a) 


experiments C124, C107, C128A: (grid column and stirred 
PB, + kaolinite. (Figure IV.16c) beaker), and with 
experiments C108, C109, C1268B: different turbulent 
Ekofisk + kaolinite (Figure IV.16) energy. 

following conclusions were drawn: 


A steady state o/s ratio was reached within 20 minutes for experiments 
with kaolinite, (see Figures IV.10, IV.12, IV.14a,b). It is well-known 
that the oil-SPM interaction aepends on the droplet size distribution 
d,(£) and it is known from the droplet size experiments that it took 
about 5 minutes to find a steady d.(f) (Section III). The kaolinite 
experiments indicated oil-SPM interaction times of the some order of 
magnitude or smaller than t, « 5 minutes to obtain a steady value of 
4,(£). 

On the other hand, the o/s ratio increased with all applied inter- 
action times (t. = 1, 20, 60 and 180 minutes) for the experiments with 
Waddensea silt, see the Figures I[V.lla,b and IV.1l4c. This conclusion 
was valid for all experiments conducted, that is, experiments with 
PBo, PB, Ekofisk, and turbulence levels with e = 440 and e = 3500 J/s 
m’. The Waddensea silt experiments indicated long o11-SPM interaction 
times, relative to the time to obtain a steady oil droplet 
distribution. 


Discussion. Two processes might be involved in the obtaining of a 
steady state: 


The first process concerns the turbulence causing collisions and sub- 
sequent coalescence or agglomeration of the particles and on the other 
hand causing break-up of droplets and agglomerates due to shear. A 
steady state means an equilibrium between coalescence/agglomeration 
and break-up. 

The second process concerns the fractionating of oil (for instance, by 
dissolution of soluble oil components) and subsequent changing 011-SPM 
interaction. 


In similar conditions, the steady state o/s ratio was obtained earlier 
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FIGURE IV.11 Composition of non-buoyant oi1-SPM agglomerates over time. 
Experiments with varying SPM concentrations 
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FIGURE IV.12 composition of non-buoyant o11-SPM agglomerates over time. 
Experiments with different oil types 
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FIGURE IY. 13 Composition of non-buoyant o11-SPM agglomerates over time. 
Experiments with different SPM types 
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FIGURE IV.14 Composition of non-buoyant of1-SPM agglomerates over time. 
Experiments with different turbulent energy levels, e. 
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FIGURE IV.15 Composition of non-buoyant o11-SPM agglomerates over time. 
Stirred-beaker experiments. 
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b) 


c) 


4) 


with kaolinite then with Waddensea silt. It is not assumed that tur- 
bulence plays «a role in this difference, but it is reasonable to as- 
sume that fractionating of the oil is more important in the inter- 
action with Waddensesa silt, containing seven percent of organic car- 
bon, than with the “inert" kaolinite without organic carbon. 
Apparently, equilibriua was obtained within 20 minutes as far as tur- 
bulence was concerned, while the fractionating of oil and subsequent 
changing oi11-SPM interaction could take several hours in the applied 
conditions. 


Experiments with equal oil concentrations but different SPM concen- 
trations (kaolinite as well es Waddensea silt) showed equal amounts of 
oil in the phase III samples independent of the SPM concentration. 
(Figure IV.lla,b shows the o/s ratios for these experiments). Ap- 
parently the number of (small) ofl droplets was critical in the ex- 
periments with the applied oil and SPM concentration. 


Experiments with decreasing o11 (PB,) concentration and decreasing SPM 
(kaolinite) concentration resulted in almost equal o/s ratios for the 
highest and medium concentrations. This behaviour is in agreement with 
conclusion b. However, a considerably lower value of o/s was observed 
for the lowest oil and SPM concentrations. (Figure IV.10). This could 
be due to the rapidly decreasing number of collisions between droplets 
and particles and therefore decreasing interaction rate. If the number 
of collisions is supposed to limit the o/s ratio, then the o/s ratio 
must increase with increasing interaction time t,- Indeed this seemed 
true in the low concentration experiment, while in other experiments 
the ratio is constant for kaolinite SPM, although the o/s data are not 
reliable enough for a firm statement. 


Increasing energy dissipation rate e led to increasing o/s ratio, 
probably due to (1) increasing number of small ofl droplets, (2) in- 
creasing number of collisions, and/or (3) different flocculation pro- 
cesses. (Figure IV.14). 
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e) 


ft) 


s) 


h) 


) 


k) 


1) 


In the stirred beaker experiments (C126A, C126B), the surface oil was 
intruded in the water colum at t, = 0 by rapid stirring during « few 
seconds. Subsequently, «a considerable part of the oil was kept in sus- 
pension by moderate stirring. It was concluded from the constant o/s 
ratio for t, = 2 seconds to 3 minutes that the small oil droplets were 
formed within the period of rapid «cirring. (Figure IV.15, see also 


conclusion a.). 


All experiments showed declining residual SPM concentration with in- 
creasing interaction time. (An additional “blank* experiment without 
oil resulted in residual SPM concentratior= independent of t,). Ap- 
parently, the oil - SPM interaction led to less agglomerates with 
almost neutral buoyancy. (See also result g.) 


Increasing energy dissipation rate led to decreasing residual SPM 
concentration, except in experiments resulting in very high o/s 
ratios. (An explanation may be that the high ofl - SPM interaction 
with high e values resulted in bigger flocs and, therefore more sedi~ 
mentation in stationary samples, except ia case of very high oil 
adsorption that may have led to buoyant flscs, see also result f). 


The ranking of oil for oil adsorption on silt depends on the silt. PB, 
and Ekofisk were equally adsorbed by kaolinite, but Ekofisk was con- 
siderably better adsorbed by Weddensea silt than PB,. (Figure IV.12). 


Kaolinite adsorbed more oil than Waddensea silt in experiments with 
@ = 440 J/e m’, but Waddensea silt adsorbed more ofl than kaolinite in 
case of @ = 3500 J/s =. (Figures IV.12 and IV.14). 


PB, was more adsorbed by SPM than PB,, and led to less residual SPM in 
the samples than PB,. (Figure IV.i2a). 


The o/s ratio with Waddensea silt was considerably more variable than 
with kaolinite. The o/s ratios ranged from 0.15 to 34 i with Waddensea 


silt, and from 1.9 to 12.7 2 with kaolinite, in similer series of 
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experiments. (Figures IV.12 and IV.14). 


m) The rapidly increasing o/s ratio in experiment C128 after t, = 30 
minutes was apparently due to emulsification of the oil. This was 
clearly observed in the experiments C126A (see also Section IV.6.1). 
(Mote: No surface oil was present and therefore no emulsification took 
place in the grid column experiments). 


mn) The GC hydrocarbon composition data in Table IV.2 indicated that the 
low-alkanes concentration was highest for surface oil (phase I), mode- 
rate for sedimentated matter (phase III), and lowest for SPH remaining 
in suspension (phase II). The most simple explanation for these con- 
position differences is that loss of low-alkanes by evaporation or 
dissolution was relatively high for the most dispersed oil (i.e. 
lowest concentration of oil in a sample), see Table IV.2, column 25. 


Iv.6 ts v crosc 


Visual microscopy of the samples from the different oil - SPM interaction 

experiments was performed to obtain qualitative and quantitative infor- 

mation on the following questions: 

a) is oil adsorbed by SPM in the form of a thin film on the particles, or 
as discrete oil droplets? 

b) what is the size of the adsorbed ofl droplets in different conditions? 

c) does ofl adsorption influence the flocculation behaviour of SPM? 

d) do relatively large oil droplets take-up small SPM particles, and what 
are the typical particle sizes in this process? 


6. ription of the micrographs 


The results of visual microscopy are illustrated, to the extent possible, 
by a set of micrographs in the Figures IV.17 to IV.44. Table IV.3 surveys 
the micrographs, the symbol I or III indicates whether surfaced buoyant 
material, phase I, or sedimented sample material, phase III, was photo- 
graphed. The number in between brackets refers to the figure number in 
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Table IV.3 Micrographs and microscope observations of oil - SPM samples 


Rua lic oi: type, C. Legend: Phase I <= buoyant portica of sample 

Phase III <= sedimented portica of sample 
turbulence SPM type, C, s = phase III sedimented in 5 am sample cell 
level 5 = phase III sedimented in 250 am bottle 
(.. 


© (3/s 2°) J. sunbor in brackets refers to figure suber IV (..) 
Interaction time t, (min) 
Remarks of 
i 20 60 160 observaticas 
ci2zs 23, 100 ppm 1(17) 118) | 119) Similar 4, éistributica 
= 3500 Keo, 60 ppm | III(20)> III(21)e ITI(22)e | im all ITI samples : 
4. * 3 mm, 
Sun © 2 
Similar costing of oil 
droplets in all I samples. 
C126 P,, 35 pm 1(23) 1(24) 
e- 3500 Keo, 20 pp big droplets 1I1(2S)e 
costed with 
SPM, small érop- 
lets uacosted 
C127 FB, 10 ppm 1(26) %(27) Only ama}! droplets are 
@- 3500 Keo, 6 ppa Only 10 percent similar as | visible ‘n {II samples *: 
of droplets is 20 min. 4.45 7 20 we. 
costed. seaple 4.13 * 2 =. 
tr1(28)< |111(29)e 
ci PB, 100 ppa 1(30) In all III samples’: 
©3500 Keo, 60 pps TIZ(31)b | TII(32)> | 4, = 60 mm, 
dsq * 20 ym. 
C107 P35, 100 ppa In all ITT samples’: 
e- 440 Keo, 60 ppm én * OO mm, 
ts * 20 ym. 
cies P3,, 100 ppm In all III samples’: 
= 40 Wed, 7.5 pp 4... * 40 um, 
ds9 * iS m. 
cee PB,, 100 ppa 


c103 PB,, 100 ppe In oll III samples’: 
e- 440 Wad, 30 ppe 4.5 * 5° mm, 
4. ° 15 a. 


Increase of of] ia III 
semples with increasing te: 


C106 PB,, 100 pp= -EII(33)> po 111(35)> Similar III samples’ with: 
Wed, 75 ppe 4.5 * 5° mm, 
den - iS m. 
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Table IV.3 (continued) 


Rus eo oil type, C, 


Isteractica time t (wis) 


Remarks on 
turbulence SPH type, C, 
20 60 160 observations 
e (3/s =) ; 
c108 Eko, 100 pe In all III samples’ : 
e- 440 Keo, 60 ppa 4a, * 70 mm, 
dy = 30 ma. 
c10s To, 100 pa II1(36)e In all III samples’: 
e = 3500 Keo, © pre 4; * 50 ya, 
4, ° © 
ciel Eko, 100 ppa 
ao 40 Ved, 75 ope 
e102 Eko, 100 pa 1I1(37)> IT1(36)> | Im all ITI samples’: 
eo 446 Wed, 30 pope 4 * 60 ya, 
ny = 20 ma. 
ci23 Eko, 100 ppa TXI(39,40)> | ITZ(41,42)p | TII(43)b | Im oll III samples: 
e = 3500 Wed, 30 pp 4oas * 70 ya, 
ex = 20 ma. 
45, * 2 ™- 
Ieacrease of oil is III 
samples with increasing t,. 
Ci2@a PB,, 100 ppe t.- © Rmulsification is all 
stirred Keo, 60 ppa 1(44) t, 2 Sh samples, not is 
beaker t She samples. 
Oil droplets end eaulsified 
filaments in phase III, at 
.* 50 bh, with: 
4.45 * 25 mm, 
écg = 8 ym, 
‘ss -2 mm. 
jcraes Eko, 100 pre Mo visible emulsificatioca 
stirred Keo, 60 ppe with Eke, seither ia phase I 


sor is phase III. In phase 
TIt sample et t. = 50 hy 


455 * 20 mm, 


fain 2 0 


* Almost oll phase ITI samples with t. « | min. seem to have « higher value of 4.. and especially, « considerable 
lower oumber of very email droplets ebsorbed by the sediment. Generslly there is ac visible difference between 
the samples (III) at t, = 20, 60 and 160 minutes. 
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this Section IV. 


a) 


The experiments C125, C126 and C127 (see Table IV.3) are similar with 
respect to the type cf oil, type cf SPM and turbulence level, but the 
oil and SPM concentrations decline by a factor 3 for C126, and a 
factor 10 for C127, relative to experiment C125. 

The Figures IV.17, IV.18 and IV.19 show micrographs of SPM-coated 
buoyant oil droplets from C125 samples, withdrawn at t, = 20, 60 and 
180 minutes respectively. All droplets were heavily coated, and looked 
similar for the three samples. The Figures IV.23 and IV.24 show SPM- 
coated droplets in experiment C126, at t* 20 and 180 minutes. The 
reduced oil and SPM concentration resulted in uncoated small droplets, 
but still heavily coated big droplets. The t, = 20 and t, = 180 
minutes samples of experiment C127, with even less oil and SPM con- 
centration, show only 10 percent of the oil droplets being coated. 
(See Figures IV.26 and IV.27). 

Micrographs of oiled sediment in the experiments C125, C126 and C127 
are given in Figures IV.20, IV.21, IV.22, IV.25 IV.28 and IV.29. Al- 
most all figures consist of two subfigures. The micrograph in sub- 
figures a was taken by application of the UV light source to record 
most clearly the fluorescent oil droplets, while for subfigures » the 
visible light source was used to record the SPM particles as well. 
(The subfigures b give some information on the floc sizes. However it 
should be noted that the floc sizes were not only dependent on the 
experimental conditions in the grid column, but certainly also on the 
sedimentation conditions in the sample bottle or sample cell). The 
C125 samples removed at t. = 1, 20 and 180 minutes (see Figure IV.20, 
IV.21 and IV.22 respectively) showed similar size distributions for 
the oil droplets captured in the SPM agglomerates. The maximum droplet 
size was d.., ~ 60 us (visual observation, not shown on the smicro- 
graphs), the minimum size observed was d_,. = 2 um (= limit of routine 
observation). The oiled-sediment samples of the experiments C126 and 
C127 (see Figures IV.25, IV.28 and IV.29) contained oil droplets with 


_ Smaller maximum sizes down to d... = 20 um for the experiment C127 


with the lowest oil and SPM concentration. The occurrence of smaller 
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250x 


Oil-SPM experiment C125 t_ = 20 min. 
FIGURE IV. 17 , mo 
Micrograph of SPM-coated buoyant oil droplets 
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b) 


Oil-SPM experiment C125 t, = 60 min. 


FIGURE IY. 18 
Micrographs of SPM-coated buoyant oil droplets 
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250x, visible light 


b) 250x, UV light 


FIGURE IV.19 0i1-spm experiment C125 ..¢ 180 min. 


Micrograph of SPM-coated buoyant oil droplets 
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250x, UV light 


FIGURE IV. 20 0i1-sPM experiment C125 t, = 1 min. 


Micrograph of oiled sediment 
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a) 
250x, UV light 


b) 
250x, UV + visible light 


FIGURE IV. 21 011-SPM experiment ©125 t. © 20 min. 
Micrograph of oiled sediment 
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100x, UV light 
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100x, visible light 
FIGURE IV. 22 011-SPM experiment C125 


t, = 180 min. 
Micrograph of oiled sediment 
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100x, visible light 


FIGURE IV. 23 011-SPM experiment C126 t, = 20 min. 
Micrograph of SPM-coated buoyant oil droplets 
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FIGURE IZ. 24 O11-SPM experiment C126 tt. = 180 min. 


Micrographs of SPM-coated buoyant oil droplets 
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a) 
200x, UV light 
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b) ‘ yy 2.. 8 =< 
200x, visible light 
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m 
Micrograph of oiled sediment 


FIGURE IV. 25 O11-SPM experiment C126 t. = 180 min. 
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200x, UV + visible light 


FIGURE IV. 26 011-sSPm experiment C127 t. = 20 min. 


Micrograph of buoyant oil droplets 


a) ee 


20x, UV + visible light 


b) 
2000x, UV + visible light 


FIGURE IY. 27 O1-SPM experiments C127 t,, = 180 min. 
Micrographs of buoyant oil droplets 
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a) 


200x, UV light 
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200x, UV + visible light 
FIGURE IV. 26 0i1-SPM experiment C127 t., = 60 min. 
Micrograph of oiled sediment 
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a) 
100x, UV light 


b) 
100x, UV + visible light 


FIGURE IV. 29 Oi1-SPM experiment C127 t. © 180 min. 
Micrograph of oiled sediment 


- 179 - 


250x, visible light 


‘2 180 min. 


FIGURE IV. 30 011-SPM experiment C124 


Micrographs of SPM-coated buoyant oil droplets 
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a) | 
100x, UV light , , 


’ 4 . ae | > * 
b) > > oh ae # -_ S > 
100x, UV + visible light 

FIGURE IV. 31 Oil-SPM experiment C124 t., = 60 min. 


Micrograph of oiled sediment 
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100x, UV + visible light 


FIGURE IV.32 Oil1-SPM experiment C124 ¢t 
Micrograph of oiled sediment 


m 


# 180 min. 


200x, UV light 


200x, UV + visible light 
FIGURE IV. 33 011-SPM experiment C106 t., = 20 min. 
Micrograph of oiled sediment 
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a) 
200x, UV light . : 


oe! 


b) , 
200x, UV + visible light 


FIGURE IV. 34 0il-SPM experiment C106 = t_ = 60 min. 


Micrograph of oiled sediment 
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a) 
200x, UV light 


b) 
200x, UV + visible light 


FIGURE lv. 35 Oil-SPM experiment C106 t. = 180 min. 
Micrograph of oiled sediment 


~ 185 - 


100x, UV light 


FIGURE IV. 36 ©11-SPM experiment C109 t, = 20 min. 
Micrograph of oiled sediment 
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200x, UV light 


b) 
200x, UV + visible light 


FIGURE IV. 37 O11-SPM experiment C102 t, = 20 min. 
Micrograph of oiled sediment 
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200x, UV light 


b) 


200x, UV + visible light 
FIGURE [V. 38 O11-SPM experiment C102 t, = 180 min. 


Micrograph of oiled sediment 
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a) 
100x, UV light 


b) ow 
100x, UV + visible light 


FIGURE IV. 39 O11-SPM experiment €123 t. = 20 min. 


Micrograph of oiled sediment 
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200x, visible light 


200x, UV Ligh»: 
FIGURE IV. 4O 011-SPM experiment C123 t. = 20 min. 


Micrograph of oiled sediment 
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b) | 
100x, UV + visible light 


FIGURE [V.41 0i1-SPM experiment C123 
Micrograph of oiled sediment 
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..° 60 min. 


200x, UV light 


FIGURE IV.42 Oil-SPM experiment C123 t, = 60 min. 
Micrograph of oiled sediment 
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a) , 
200x, UV light 


100 wm 


° 


200x, visible light 
FIGURE IV.43 0Oi1-SPM experiment C123 t., = 180 min. 
Micrograph of oiled sediment 


b) 
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FIGURE IV. 44 0i1-SPM experiment C128A t, = 50 hrs 
Micrograph of buoyant oil parcels 


- 194 - 


b) 


c) 


"“negatively-buoyant" oil-SPM agglomerates was in agreement with the 
less-coated buoyant droplets and the smaller flocs to be expected in 
experiments with lower SPM concentration. 

Almost all oiled-sediment samples of the experiments C125, C126 and 
C127 were poured into shallow sample cells with sedimentation depths 
of only 5 mm. (See Figure A.16b) 


The experiments C105, C88, C103 and C106 compared the conditions with 
different SPM concentration, increasing from 7.5 ppm in C105, 15 ppm 
in C88, 30 ppm in C103 to 75 ppm in C106. Oil type (PB), SPM type 
(Waddensea silt), oil concentration (100 ppm) and turbulence level (e 
= 440 J/s m) were equal in the expsriments. All samples were poured 
into the 0.6 litre bottles with a sedimentation depth of 250 mm. Pho- 
tographs of C106 oiled-sediment samples, with t, = 20, 60 and 180 
minutes, are shown in Figures IV.33, IV.34 and IV.35 respectively. 
There was no evidence of decreasing maximum droplet size in the oiled 
sediment for experiments with decreasing SPM concentration, in contra- 
diction with the preceding series of experiments C125, C126 and C127. 
Although many conditions were different in the two series of experi- 
ments (oil weathering state, SPM type, turbulence level, and oil con- 
centration) it is most likely that the contradiction was due to the 
collection of the samples in different holders, i.e. small sample 
cells (C125, C126, C127) and large bottles (C105, C88, C103, C106). 
The large sedimentation depth (250 mm) in the bottles led to relative 
large flocs for all SPM concentrations in which, apparently, large 
droplets in the order of d.,. * 50 um were captured. 


The micrographe in Figure IV.19, experiment C125 with PB, and Figure 
IV.30, experiment C124 with PB3, can be used to compare the SPM-coated 
buoyant oil droplets for different weathering state of PB ofl in 
similar experimental conditions. The oil droplets in experiment C124, 
with PB, looked more heavily coated. It is noted that the oil-SPM 
weight ratio in the oiled sediment (see Table IV.1) was higher for 
experiment C124 than for experiment C125. Apparently, the oil-SPM 
interaction was more intensive for PB, than with PBy- 
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a) 


e) 


The Figures IV.31 through IV.43 show micrographs of oiled sediment in 
samples taken in many different experiments and with different inter- 
action times t.. 

The Figures IV.3l1b and IV.32b give a good indication of the relatively 
small floc sizes for kaolinite as compared with the flocs formed by 
Waddensea particulate matter. Waddensea flocs are shown in Figures 
IV.33 to IV.35 and Figures IV.37 to IV.43. 

The sizes of the largest oil droplets encapsulated in the sediment did 
not change very much in the different experiments. d... was observed 
to be 50, 60 or 70 um (see also Table IV.3). Smaller maximum droplet 
sizes, dex = 40 um and dex = 20 um, were found in the experiments 
C105 and C127, where the low SPM concentration led to very small flocs 
in the sediment. 

In most samples, the floc sizes were large enough to capture oil 
droplets with sizes of about 60 wm while still being negatively- 
buoyant. It was observed that the larger Waddensea silt flocs did not 
capture larger oil droplets than the smaller kaolinite flocs. This can 
be explained by the assumption that the large Waddensea silt flocs 
were formed in the sample bottles in course of time after resurfacing 
of the biggest oil droplets. 

Droplets of the biggest size class, deo = 60 um, are shown in Figure 
IV.31 (in the centre), Figure IV.32 (near the left edge), and Figure 
IV.41 (left part). Figure IV.40 is the best example showing many small 
oil droplets in the size class of qd, = 5 pum. 


Figure IV.44 shows the buoyant oil parcels of the stirred beaker ex- 
periment C128A, with PB, oil. The sample was taken at t, = 50 hrs. 
Clearly, emulsification did take place. The micrograph shows buoyant 
oil droplets as well as oil filaments. Oil droplets and oil filaments 
were also observed in the negatively buoyant oiled sediment of the 
sample withdrawn at t. * 50 hrs. No visible emulsification occurred in 
experiment C1Z8B with Ekofisk oil, or in any case, eventual emulsifi- 
cation did not lead to other than spherical oil particles. 
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IV.6.2 Results 


The results obtained from visual microscopy are: 


a) 


b) 


c) 


Naked-eye visual servation of sedimented matter, phase III, in a 
"blank" kaolinite experiment without oil, indicated relatively small 
white flocs. A similar experiment with oil showed grey sediment con- 
sisting of larger *locs. 

Note: LBPS measurements did not demonstrate different particle size 
distributions in the grid column for experiments with and without oil, 
see Section IV.3, page 137. However, the LBPS measurements dealt with 
particles in a turbulent environment, while the previous result dealt 
with samples removed from the turbulent grid column and left for many 
hours in a stationary position where additional flocculation occurred 


due to Brownian motion and differential settling. 


Microscopic observation of sedimented matter indicated only discrete 
oil droplets incorporated in silt flocs. No fluorescence of silt par- 
ticles was observed. This means that no substantial amount of oil was 
adsorbed as a film on the particle surface. (The minimum layer 
thickness of oil on a particle surface that could be observed is not 
known, but was in any case smaller than 1 pm, because the smallest 


discrete oil droplets observed wsre about 1 um). 


The size distribution of the oil droplets incorporated in sedimented 
silt flocs was not significantly variable in experiments with dif- 
ferent oil types (PB), PB,, Ekofisk), silt types (kaolinite and 
Waddensea silt) and turbulence level (e = 440 and 3500 J/s m°). Almost 
all droplets in the oiled sediments had sizes according to 
1 pm Sd, $ 60 um. The size of the largest oil droplets in the sedi- 
ment was always d.., = 60 wm except for conditions in the column (low 
SPM concentration) and/or sampling device (low SPM concentration, 
small sedimentation depth) that seriously hampered the formation of 
silt flocs. 
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d) Buoyant oil droplets in the experiments were more or less heavily 
coated with SPM particles. The buoyant droplet sizes covered the 
entire range of droplet sizes obtained in experiments without SPM, 
from d, = l um to oa of the order of magnitude of 1000 um. Remark- 
able differences in oil droplet coating was not observed for different 
experiments with respect to oil type, SPM type, turbulence level and 
interaction time. The coating was less in experiments with low SPM 


concentration. 


e) The rough quantitative observations on the occurrence of different 
agglomerates did not indicate any tendency other than what might be 
expected from the occurence of separate oil droplets and SPM parti- 
cles. All observations fell in a continuous range from “oil droplets 
incorporated in a SPM floc", to “oil droplet coated with SPM 
particles". The ratio of oil and SPM in an agglomerate determined the 
buoyant or non-buoyant behaviour of the agglomerate; this probably 
resulted in a maximum oil droplet size in the non-buoyant oiled sedi- 


ment. (See conclusion c). 


£) Emulsification of PB, oil was observed in the beaker experiment C128A, 
at t = 5 hres and t = 50 hrs. The oil droplets were no longer spherical 
but had different shapes as observed in surface oil (phase I) as well 
as in oiled sediment (phase III). 


IV.7 Discussion 


The purpose of the oil-SPM interaction experiments was to obtain data on 
the o11-SPM agglomerates, in particular with respect to buoyancy and floc 
size. These parameters are of great influence on the vertical motion of 
the oiled particled in a turbulent ambiance and, ultimately, on the 
sedimentation on the sea floor. 


The grid column enabled the simulation of real ocean conditions as far as 
the energy level and structure of the small turbulent eddies are 
concerned, and consequently, «a proper simulation was obtained of the 
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interaction between oil and SPM. The interaction takes place by col- 

lisions. In the phenomena under investigation, the collisions between oil 

droplets and silt particles, and the mutual silt particle collisions are 

of particular interest. Collisions in the grid column are due to the fol- 

lowing processes: 

a) shear caused by turbulence. The shear is mainly due to the small-scale 
turbulen* eddies, properly modelled in the grid collumn. 

b) Brownian motion. 

c) differential setting. (Collisions due to different fall and rise 
velocities of the particles). 


In a turbulent ambience, the turbulence is generally the most important 
phenomenon for oil1-SPM interaction, not only with respect to the colliding 
of particles, but also to the mechanisms regulating the maximum size of 
the agglomerates and the maximum size of the oil droplets. 


Proper modelling of field conditions for oil-SPM interaction took place in 
the grid column. However, the limited length of the column (4 metres) 
prevented the performance of experiments with turbulence levels consider- 
ably lower than 440 J/s n>. Low turbulence levels mean low diffusion rates 
and, therefore, rapid resurfacing of the oil droplets, even enhaced by the 
fact that the mean droplet sizes are relatively large in the case of low 
turbulence. It is not expected that turbulence levels less than 440 J/s m° 
effect the results of the experiments (performed with e = 440 and e = 3500 
J/s m°) else than differences in degree with respect to oil - SPM inter- 
action. The tendency of smaller values of o/s in oiled sediment for lower 
turbulence level, shown in Figure IV.14, will be continued because of «a 
continuing reduction of the number of small oil droplets and the oil - SPM 
collision probabilities. (It is a result of this study that small oil 
droplets down to d,* l pm, are generated by break-up of large droplets 
even in conditions with low turbulence energy, but the number of small 


droplets decreases with decreasing turbulence level). 


The effect of proper modelling of field conditions for oil1-SPM interaction 
in the grid column could be distorted occasionally by difficulties with 
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the sampling procedure. The set-up of the experiments and in particular 
the chemical analysis (determination of oil/silt ratio and oil composition 
in the various phases) required a oil and SPM concentration in the column 
in the order of magnitude of 10 ppm or more and a sample volume in the 
order of magnitude of 1 litre. The consideration of the collision proba- 
bilities in sample cells, see Appendix A.4, indicated a high collision 
probability in the cells due to differential settling. Another important 
conclusion, obtained from the measurements in the preceding sections, was 
the sometimes considerable oil adsorption obtained after a short inter- 
action time of one minute in the column. Consequently, it is not clear 
whether the oil-SPM interaction observed from samples, is due to inter- 
action in the colump or in the sample cell. or both. Im any case, micro- 
scopic observation of sedimented matter from different sample cells showed 
different floc sizes. The flocs in the sample cell with a height of 5 mm 
were considerably smaller than the generally very large agglomerates from 
the 250 mm high bottles because of the difference in collision proba- 
bility. (See also the many micrographs in the Figures IV.17 to IV.44; 
samples in the 5 mm cell are indicated by c in Table IV.3, and samples 
from the 250 mm bottles by b). Chemical analysis required large sample 
cella for quantitative data, while the small cells were only used for the 
more or less qualitative microscopic observation. Consequently, the 
results obtained from the grid column experiments on o11-SPM interaction 
have a mainly qualitative value with respect to the influence of various 
parameters on the interaction, due to the combined interaction processes 


in the grid column (simulation of sea conditions) and in the sample cells. 


It was decided to abandon the attempt to conduct experiments on oi1-SPM 
interaction under the influence of breaking waves in a laboratory flume. 
One of the reasons was the expected lack of proper quantitative data to be 
obtained because the same problems would arise with respect to the 
required o11-SPM concentration and the sampling procedure as fcr the grid 
column. A second reason concerned the experiments in the flume itself. It 
would be necessary to continue the interaction conditions (and therefore 
also the breaking wave generation) for a long time of, say, at least 
20 minutes (conclusion from the grid column experiments). Preliminary 
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experiments om oil break-up in a flume with successive breaking waves over 
several minutes (see Section V.8), demonstrated the impossibility of 
relating the measured data to a well-defined set of external parameters 
(e.g., oil layer thickness, oil viscosity) because of fast changing con- 
ditions during an experiment. The changing conditions were due, among 
other factors, to fast emulsification of the surface oil slick, and longi- 


tudinal circulations in the flume generated by the waves. 
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V. SMALL-SCALE EXPERIMENTS ON OIL DISPERSION BY BREAKING WAVES 


V.1 Introduction 


The turbulence in the ocean is an important factor in various processes 
affecting the dispersion of oil. The initial break-up and submerging of 
the coherent oil surface slick as well as the secondary break-up of the 
oil parcels into smaller droplets is dependent on the turbulence struc- 
ture, especially near the water surface. Moreover, turbulence plays an 
important role in the vertical diffusion of oil droplets into the water 


column. 


The turbulence in the surface layer of the sea is generated by overall 
(tidal) sea currents, wind-drift currents and waves. The wind-drift cur- 
rents and waves in turn are generated by the wind. It is generally be- 
lieved that substantial dispersion of surface oil requires the presence of 
breaking waves. It is not known if the presence of breaking waves is 
essential to obtain any dispersion in field conditions. Probably, the 
stretching and contracting of the oil surface layer by waves can also lead 
to some dispersion, but in any case small-scale laboratory experiments 


with only non-breaking waves never did lead to measurable dispersion of 
oil. 


This section describes the simulation of oil dispersion in a small-scale 
laboratory flume, the "Oil Flume". The dispersion is due to turbulence 
generated ~“y a breaking wave. The experiments were conducted to obtain 
experiments: data on the following parameters: 

a) entrainment rate of surface oil into the water column by breaking 
waves, or how much oil is entrained from the water surface by a single 
breaking wave, 

b) depth of intrusion of oil in the water column, due to a breaking wave, 

c) ofl droplet size distribution in the water column. 


As regards itemc, the influence of turbulence on the droplet size distri- 
bution in different conditions was investigated in the grid column. 
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(Section III.) Turbulence levels of the grid column experiments on oi! 
dispersion were of the same order of magnitude as in field circumstances. 
Consequently, scaling of the oil break-up processes did not taks place in 
the grid column experiments. In the flume experiments, the diffusion and 
dispersion processes were generated by the turbulent structure of a small- 
scale breaking wave (wave height is of the order of 0.2 m) while the oil 
parameters that influence these processes (interfacial tension, viscosity, 
density) were not scaled. Therefore, the results of the flume measurements 
must be translated to field conditions taking into account the effects of 
scaling of the turbulence structure. The small-scale Oil Flume experiments 
were compared with large-scale (almost full-scale) experiments in the 
Delta Flume in closely similar conditions to facilitate the laboratory- 
field tranzlation. The Delta Flume experiments are discussed in Section 
VI. 


V.2 Experimental Set-up 


The flume containsd salt water, S = 30 °/oo, \ ° 1025 kg/m>. The water 
depth was h = 0.43 m in all experiments. The Oil Flume and the measurement 
equipment are described extensively in Appendix A.1.2. 


Entrainment and break-up of surface oil into the water column took place 
by breaking waves. This was generally performed in the experiments by the 
traversing of a wave train with a single breaking wave through the 
coherent surface oil layer. Seven different types of wave trains were 
generated by the wave board. The seven wave trains have different energy 
dissipations and different orbital movements, the latter being weak or 
strong at the flume botton. 


The oil surface layers were formed by pouring oil onto the water surface 
in the flume. (See Figure V.1). The oil slicks covered the total width 
(0.5 m), while the slick lengths wers generally several metres. In order 
to obtain an oil film with the layer thickness h, = 0.6 mm, a volume of 
0.6 litre of oil was poured onto the water surface in between two barriers 


across the flume. The barriers were separated by 0.1 metre. Gravitational 


- 204 - 


FIGURE ¥.1 011 surface layer in the flume 
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spreading of the oil took place in between the barriers, with a layer 
thickness bh, = 6 mm. Subsequently, the barriers were displaced slowly 
untill a separation of 2 metres was obtained, while the oil layer was 
forced to wtretch over the entire surface. Visual observation of the 
transparancy of the oil films indicated that the thin and thick parts of 
the film did not differ more that a factor two, that is h, = 0.4 to 
0.8 mm. The barriers were removed prior to the passage of the waves. The 
breaking of the waves took place completely within the oil slick, thc 
waves broke over a length between 0.7 and 2.5 m. Figure V.2a shows the 
passage of the breaking wave through the oil layer. The initial intrusion 
of oil droplets in the water column is shown in Figure V.2b, the picture 
was taken within a few seconds after the breaking wave passage. 


The dispersion of oil was surveyed by acquiring the following data: 


(depth below the water surface) and different times after the breaking 

wave event. Two series of measurements were performed with the follo- 

wing methods of d.(f) determination: 

al) Laser-Beam Farticle Sizer (LBPS). The LBPS is described in Appen- 
dix A.2.1. This electronic equipment for particle size determi- 
nation was used in the first series of experiments in the Oil 
Flume. The optical system with focal length of 0.6 m enabled in- 
situ measurement of d.(f). This means that the laser beam crossed 
the width of the flume using the flume itself as the sample cell. 
This optical system could measure particle sizes in the range from 
11.5 to 1130 um. 
The d,(f) measurements were executed at four depths shown in 
Figure V.3. Two measurements were carried out simultaneously by 
using two particle sizers, indicated by A and B in Figure V.3. The 
experiments were preformed twice with fresh oil layers to obtain 
the first (I) and second set (II) of d,(f) measurements. 
Figure V.4 shows a typical example of LBPS data with d.(f) as a 
function of time t, after the breaking wave event. The d.(f) 
curves clearly show the disappearing of large oil droplets in 


a) passage of breaking wave 


6) initial intrusion of oil droplets 


FIGURE Z.2 pispersion of oil due to breaking wave 
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FIGURE ¥.3 In-situ d.(£) measurement with the LBPS in the oil flume 
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FIGURE V.4 Example of LBPS data at various time t, after wave 
breaking 
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b) 


c) 


course of time due to resurfacing. 
a2) Visual microscopy. A second series of experiments in the Oil Flume 
made use of the samplers described in Appendix A.2.3 to withdraw 
water-and-oil samples at different depths and times t.. Deter- 
mination of d.(f) in the samples took place by microscopic obser- 
vation with the fluorescence apparatus described in Appendix 
A.2.2, especially for droplets in the range d, = 3-200 ym. Oil 
droplets in the range d, = 100 - 2000 um were surveyed by direct 
photography of the oil droplets surfaced to the flat top glass of 
the sampler. Typical observations are shown in Figure V.5 with an 
example of direct photography and a phctograph taken through the 
microscope. 
The determination of d.(f) took place by visual scanning and coun- 
ting. 
The series of experiments with the LBPS was followed by a second 
series with the samplers and visual microscopy because the LBPS ap- 
peared unsuitable for detection of small oil droplets if «a consider- 
able “background® of large droplets is present. This is shown well in 
Figure V.4 where no oil droplets smaller than 37 um are detected at te 
= 15 s. (See also Appendix A.2.1). ; 
Oil concentration. Oil-water samples of 0.6 litre were withdrawn by 
the sampling nozzles (see Figure A.7) at various depths and times t, 
after the breaking event. The oil concentration was measured by infra- 
red spectroscopy. 


Intrusion of droplets. This was determined by taking photographs at 
various times t,, after the breaking event. Figures V.6 and V.7 show 
examples. The initial intrusion by oil droplets can be seen in Figure 
v.6. The pictures show the break-up of the oil surface layer and the 
intrusion of oil droplets in the water mass in the first second after 
passage of the breaking wave. 

The long-term horizontal and vertical diffusion is difficult to survey 
with oil droplet pictures. Consequently, for purpose of illustration, 
Figure V.7 shows pictures of the diffusion of dye during twenty 
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10 mm 


FIGURE Y.5 photographic and microscopic observation of oil 
droplets in the sampling device 
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FIGURE V¥.6 Intrusion of oil droplets by breaking wave 
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FIGURE Z.7 Intrusion and diffusion of dye due to breaking wave 
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seconds after the breaking wave passage. The dye was sprayed on the 
water surface just before the wave passage, while no oil was used. (It 
was checked empirically whether the oil films would have a damping 
effect on the breaking waves and, therefore, would differ from the 
inertial dye film. The horizontal and vertical spread of oil droplet 
clouds were equal for all applied film thicknesses. Consequently, the 
dye tracer will satisfactorily simulate the spreading of the small 
droplets with negligible buoyancy). 


Oil Flume experiments were executed with different values of the following 


parameters: 


a) 


b) 


c) 
d) 
e) 


V.3 Breaki 


wave period T,. The mean values of T, for the different wave trains 
were T, = 1.3, 1.25, 1.2, 1.1, 1.0, 0.9 and 0.8 s. The wave trains 
contained breaking waves with different energy losses and, therefore, 
different turbulent structures. (The wave trains are generally indi- 
cated by wave 1, 2, 3, 4, 5, 6, 7 respectively). 
oil type and weathering state. Prudhoe Bay crude (PB) and Ekofisk 
crude (Eko) were used. PB oil was applied with different weathering 
states: PB, (fresh), PB, and PBio 
surface oil film thickness h, = 0.2 - 1.2 om 
temperature T= 9 °C and 16 °C 
number and interval of succeeding breaking waves in an experiment: 

1 breaking wave 

4 breaking waves at 15 s interval 

4 breaking waves at 30 s interval 

4 breaking waves at 60 s interval 

10 breaking waves at 30 s interval 


Waves Characteristics 


They important breaking wave parameters for oil entrainment and oil break- 
up are the total surface length 1, covered by the breaking wave, the 
energy dissipation per unit surface area Dig» and the energy dissipation 
rate per unit volume, e. The first parameter indicates how much surface 


oil is involved in the dispersion process. The total energy dissipation 
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per unit area is probably important to the ratio of surface oil over dis- 
persed oil and the energy dissipation rate per unit volume indicates the 
turbulence structure and therefore the break-up of oil droplets and the 
vertical diffusion of oil. 


V.3.1 Theory of energy dissipation in breaking waves 


The dissipated energy in a wave train with one single breaker can be 
derived from the energy balance for the breaker zone. Subtracting the 
time-integrated energy fluxes before and beyond the breaker zone leads to 
the following expression (see the definition sketches in Figure V.8a): 


D, = Je dt - JP, dt (v.1) 


in which: D, = energy dissipation per unit width (J/m) 
Pr, Pry = energy fluxes before and beyond the 
breaker zone per unit width (J/s m). 


When linear wave theory is applied the energy flux P for an infinite wave 
train with regular waves (described by n = a sin(2nft) , with n= 
instantaneous surface elevation, a = wave amplitude, f = wave frequency, 
see Figure V.8b) can be expressed by: 


P-eEnc (v.2) 


inwhich: E = % Pp 6 a? = wave energy per unit area (3/m*) 
kh 
a = 8+ snc) 
(n, = 4 for deep water, n, = 1 for shallow water) 
c = wave crest velocity 


pep. = water density 


- = gravity constant 

k = 2n/L = wave number 
I #* wave length 

h = water depth 
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FIGURE VW.8 Wave train definition sketches 
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Combination of (V.1) and (¥.2) leads to: 


at, 


at 2 
mo keene UI ae | act] 


= % peace (at - oD At (¥.3) 


In which the subscripts I and II indicate the values of «a before and 
beyond the breaker zone and At stands for the interval of time integra- 


tion. 


In the case of a finite wave train with irregular waves (described 
by n(t) = J a, sin(2nft) » see Figure V.8c) and one single breaking wave, 
the energy dissipation can be expressed as: 


2 
P= He ene (of** (el at -f** (fel), at] 
= % Psnc ((fet), - (Jet) 7] At (V.4) 


The parameters n, and c in (V.4) can be measured in the laboratory wave 
flumes, but the amplitudes a; of the wave components are unknown. It is 
possible to calculate an “integrated power spectrum", PS (in n*s), by 
‘time-integration of the instantaneous surface elevation n(t) with «a 
digital signal analyzer (Hewlett Packard, type 5420 A). PS is defined by: 


1 


at 
J ‘nf, 


n*(t) dt = J % a {at - sin (4nf dt)] (v.5) 


If the interval of integration, 4t, is chosen to be much larger than 
= ,» then PS is approximated by: 
i 
2 
ps = 5 & a, at (v.6) 


Substitution of PS in Equation (V.4) results in an expression for the 
energy dissipation per unit width: 


Db PL eae (PS, - PS,,) (v.7) 
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b) stable breaking wave 


C) breaking wave 


FIGURE 7.9 Definition sketches on the comparison between the hydraulic 
jump, the stable breaking wave and the breaking wave 
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Following several authors (e.g., Le Méhauté 1962, Battjes and Janssen 
1978, Svendsen 1981, Stive 1982 and 1984), the dissipated energy in a 
single breaker in an irregular wave train can also be approximated from 
the similarity of the bore of a stable breaking wave to a hydraulic jump 
(see Figure V.9). The energy balance for the hydraulic jump leads to the 
following expression for the dissipated energy per unit width and time: 


p84 3 


aj” 7b, b, M2 ~ — 
12 


In which hy = minimum water depth before the jump 

ho = maximum water depth beyond the jump 

q = discharge per unit width 

En j = energy dissipation rate per unit width 
For the bors of a stable breaking wave, by using the principle of 
continuity (q = h c,...), Equation (V.8) can be transformed to: 


lw tC (he > 2)? (v.9) 


In which h = mean water depth 
bore propagation velocity 


~2)h 


Esby * energy dissipation rate per unit width. 
Equation (V.9) can be applied to describe the energy dissipation rate in a 
breaking wave by making the following assumptions: 


(ho - h)) = Hy = wave height 
E,° a Bhj = energy dissipation rate in the breaking wave per unit 
width. 

The factor a accounts for the differences between the dissipation in a 
breaking wave and in the hydraulic jump. a was found to be 1.3 to 1.5 for 
a stable breaking wave on a gentle slope. The hydraulic jump approximation 
underestimates the energy dissipation in this case (Stive, 1984). A 
similar approximation can be derived for whitecapping of wind-driven waves 
in open ocean conditions. In this case a ranges form 0.01 to 0.04 
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(Longuet-Higgins and Turner, 1974), an approximation that overestimates 
the energy dissipation. 

at /3y may be interpreted as the approximate jump height. In the labora- 
tory flumes a breaking wave is evoked because a critical value of H/h is 
exceeded at a certai) position in the flume. This mechanism of wave brea- 
king is similar to a stable breaking wave on a gentle slope. On the other 
hand, the bore is not stable but exists only temporarily (similar to 
whitecapping) because the wave train is irregular. It is therefore to be 
expected that ain the flume experiments will be somewhere between these 


two values. The assumption E, = a Bn j leads to: 


ap ghew 


a i | 
4 bb, 


(v.10) 


D, in Equation (V.7) is transformed to E, in Equation (V.10) by multi- 
plying D, by the time ty» during which the bore exists. The factora is 


expressed by: 


D, 


te Bay 


The energy dissipation per unit area D,, (J/m*) is a variable which is 
assumed to be important to the entrainment of surface oil by a breaking 
wave. The following expression can be derived: 


a= (v.11) 


D t 
oe ee ae (v.12) 


with 1, = bore covered length. 


Besides D,,, the energy dissipation per unit volume and per unit time e 
(3/m°s) was assumed to be another important parameter to the break-up of 
submerged oil droplets. e is found by dividing D, in Equation (V.7) by the 
characteristic length 1,» depth Bhore? and time scale t,: 


b 
° (v.13) 
1, Dore t. ) 
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The characteristic length scale is assumed to be the bore covered length 
1,, while for the depth scale the average bore height h,..,. is used. The 
characteristic time scale of the breaking wave turbulence is directly 
related to the time scale of the energy-containing eddies of the breaking 
wave turbulence. The decay of turbulent kinetic energy through energy 
dissipation is given by Launder and Spalding, 1972: 


az "aa 
at sos - C, — (Vv. 14) 
s 
D,, 
in which E, = = (average) turbulent kinetic energy 


density (J/kg) 
1, = length scale of the energy containing eddies, 
assumed to be in the order of magnitude of 0.1 H 
Ca = dimensionless constant ~ 0.08 


The characteristic time scale t. is of the order of magnitude of the time 
to halve the kinetic energy. From Equation (V.14) then follows: 


1.66 l 
5 


t, ~ ty, = —- (v.15) 
ca 


V.3.2 Measurements of energy dissipation 


Breaking waves in an oil slick cause the entrainment of oil into the water 
column, the splitting of oil into droplets and the horizontal and vertical 
diffusion of oil droplets. Seven different wave trains have been used in 
the laboratory flume, each of these wave trains evoking a single breaking 
wave at the oil slick. The wave trains were composed from a large number 
of sinusoidal wave components around a chosen average wave period Ty: A 
micro-computer was used to put these individual components in such a 
sequence that one single breaker would occur at the location of the oil 
slick. In the small-scale Oil Flume wave trains have been composed with 
the following (average) periods: 

wave |: Twi =1.3 8, wave 2: Ty2 = 1.25 8, wave 3: Ty3 * 1.2 s, 

wave 4: Ts =l1.l1s, wave 5: Tys = 1.08, wave 6: Tw6 = 0.9 gs, 

wave 7: T,, = 0.8 s. 
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FIGURE ¥.10 Example of wave signal in oil flume 


- 222 - 


The wave trains have different values of dissipated energy per unit length 
in the breaker and different orbital movements, the latter being either 
strong or weak at the bottom of the flume. 


Expressions were derived in Section V.3.1 to calculate the energy dissi- 
pation. Next, the methodology for measurement of the various wave para- 
meters in the Oil Flume wil be discussed. 


Measurements of the wave characteristics in the Oil Flume were performed 
with two wave-height meters, placed before and beyond the breaker zone at 
an interval Ax. The water depth was h = 0.43 m. Because the wave-height 
meters did not function properly in salt water, the flume contained fresh 
water ( p = 1000 kg/m?) during the wave experiments. In principle, a 
given steering signal to the wave generator might result in different wave 
trains whether the flume contains fresh or salt water. Measurements on 
wave energy were performed only in fresh water conditions, but visual 
observations on the breaking waves and the horizontal and vertical in- 
trusion of dye tracer in both conditions did not show any difference. In 
the following sections it is assumed that the wave energy for salt water 
conditions is obtained from the measurements in fresh water conditions by 
multiplications with the factor P,/PL. (po, = seawater density, = = fresh 
water density). 


Figure V.10 shows a typical example of an Oil Flume wave recording. The 
wave signals were integrated over a tise interval At around the passage of 
the highest wave (= breaker) to obtain the integrated power spectrum of 
the wave train before (PS,) and beyond (PS,,) the breaker zone, as descri- 
bed in Section V.3.1. The digital analyzer used, was capable of scanning 
and processing two signals at the same time. The start of the scanning of 
the first wave-height signal was triggered by a previously chosen minimum 
surface elevation, so the scanning of the second wave height meter 
started Ax/c seconds after the first one. In this way, the same portion of 
the wave train was scanned before and beyond the breaker zone. The dissi- 
pated energy is proportional to the difference of the two values of PS. 
The interval of integration was chosen long enough to minimize the 
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influence of a possible difference in the scanned parts of the wave 
train: At = 16 seconds. 


The wave height and therefore also the power of the wave train could be 
varied by changing the steering signal (played from tape) for the wave 
generator. In this way it was possible to amplify the steering signal 
until a breaker occurred. Figure V.11 shows an example of the integrated 
power spectra PS, and PSrr as a function of the steering signal amplifi- 
cation. PS; and PS,, were about equal in situations without breaking 
waves, while PSrr was smaller then PS; when a breaker occurred. 


A third wave height meter was placed as close as possible to the point 
where the wave train would break, to measure the wave height H, as well as 
h, and ho. The parameters Ty and H were derived from the recordings of 
this meter, while £, L, and c could be calculated applying short wave 
theory. 


The characteristic breaking wave parameters 1,» Brore tnd t, for each wave 
train were measured by taking photographs of the breaker zone at intervals 
of 0.1 s. The Figures V.12 to V.18 show the propagation of the seven 
applied wave trains, characterized by the average wave periods T,: The 
successive positions of the bore at intervals of 0.1 s were plotted in one 
figure, from which the surface area and the water volume covered by the 
bore could be measured. This volume 1, h,.., (per unit width), divided by 
the bore covered length 1,, leads to a value for the average bore height 


Bhore: The parameter t, was obtained by dividing 1, by c. 


The results of the wave measurements in the Oil Flume are presented in 
Table V.1. Obviously, the values of PS,, (beyond the breaker zone) were 
only 62% to 12% less than the values of PS, (before the breaker zone). A 
relatively large error is introduced in the energy dissipation D,, since 
D, is calculated from subtraction of PS; and PS,, (Equation V.7). Never- 
theless the results show a decreasing absolute value of the dissipated 


energy from wave 1 (Ty = 1.3 s) to wave 7 (Ty, = 0.8 8), as was to be 
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FIGURE V.12 Passage of breaking wave 1 through oil slick in oil flume 
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FIGURE V.13 Passage of breaking wave 2 through oil slick in oil flume 
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FIGURE V.14 Passage of breaking wave 3 through oil slick in oil flume 
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FIGURE ¥.15 Passage of breaking wave 4 through oil slick in oil flume 
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FIGURE 
V.16 Passage of breaking wave 5 through oil slick in oil flume 
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FIGURE Y.17 Passage of breaking wave 6 through ofl slick in oil flume 
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FIGUR 
E ¥.18 Passage of breaking wave 7 through oil slick in oil flume 
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expected. The ratio a between the measurrei dissipation D, and the calcu- 
lated dissipation t, Bn j? was about 0.2 in all cases. The factor 
at /3y was roughly twice the average bore height h,..,.- The factor was 
about equal to the maximum bore height, as can be seen in Figures V.12 to 
V.18. This indicated that the method to calculate the energy dissipation 
in a breaking wave from a similar hydraulic jump could be applied in these 
experiments by taking the maximum bore height as the approximate jump 


height. 


Table V.1 shows that the dissipated energy per unit area D,, was in the 
order of 10 3/m* for the most energetic breaking waves, and decreased from 
wave 1 to wave 7. The energy dissipation rate per volume, e, was of the 
order of 100 J/m’s. 


The following conclusions can be drawn from the wave experiments in the 
Oil Flume as regards the accuracy of the data: 


a) inaccuracies in the measurements of PS, and PS;; led to a relatively 

large error in the energy dissipation D, (see Equation V.7), because 
the integrated spectra before and beyond the breaker zone only 
differed by up to 15%. D,, and e, in turn, were derived from D, and 
the measured wave characteristics 1, and hy ove’ 
The measurements clearly show a decrease of the total dissipated 
energy, D,, and energy dissipation per unit area, D.,» from wave | to 
wave 7. The decrease in the energy dissipation rate per unit volume, 
e, is less obvious (and certainly not in the Delta Flume experiments 
where e increased from wave 2 to wave 5, see Section VI.3 and Table 
VI.2). Therefore, it is more likely that e is not very dependent on 
the breaking wave characteristics, 


b) the hydraulic jump analog used to calculate the energy dissipation 
from the wave characteristics, was apparently very usefull to estimate 
the order of magnitude. The method needs the factor a. The empirical 
value a = 0.15 was found for Oil Flume conditions. (The same order of 
magnitude for a was found for the large-scale Delta Flume, see 
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Table V.1 Results of Oil Flume wave measurements 


para- junits Wave trains with breaking waves 
meter (number and wave period T . 
1 2 3 4 5 6 7 
138 1.258 1.28 Il.ls 1.08 0.9s 0.88 
ps, |10*m’s* | 165 136 116 867% 46 24 18 
Ps,, [10% m*s* | 145 125 107 68 43 23 17 
b a 0.43 0.43 0.43 0.43 0.43 0.463 0.43 
by a 0.37 0.37 0.35 0.36 0.37 0.39 0.39 
ho a 0.59 0.50 0.59 0.57 0.53 0.51 0.50 
H, a 0.22 0.23 0.26 0.21 0.15 0.12 0.10 
ty s 1.5 1.5 1.5 201.3 1.1 1.0 0.9 
£ a! — 2 0.7 0.8 0.9 1.0 061.1 
L a 2.7 2.6 2.6 2.6 1.8 151.3 
c a/s he i 1.6 1.5 01.5 
2 - 0.8 0.8 0.8 0.7 0.7 0.6 0.6 
oe 0.163 0.103 0.116 0.069 0.056 0.027 0.014 
l, = 2.47 1.83 1.87 1.64 1.36 2.17 0.72 
- Ps 0.07 0.06 0.06 0.04 0.06 0.02 0.02 
t. s 1.4 8 ©§=. 1.0 7 0.8 0.5 
D, 3/e 28 16 9 7 3 1 1 
B, J/kg 0.17 0.16 0.08 0.10 0.05 0.04 0.07 
te s “Wie © 1.8 861.6 1.4 1.2 0.8 
Es Jas | 93 125 120 SB 29 1s 8 
q - 0.2 O02 £4O.f O.1 0.1 0.1 0.2 
a! /3y 2 0.13 0.12 0.10 0.10 0.07 0.06 0.06 
Die J/a* 1 9 5 4 2 1 1 
ui 3/a* 50 70 70 50 20 10 5 
e J/as 160 130 40 70 40 30 90 
2 I/a’s 670 960 650 850 320 380 340 
e6hCUss 
i. 
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Section VI.3). 


c) the calculations following the hydraulic jump method also clearly show 
the decrease in the dissipation rate, En j? and energy dissipation per 
unit area, E, ;/¢; from wave 1 to wave 7 (and from wave Vy wave 5 in 
the Delta Flume, Section VI.3). The values for —— A seen to 
support the assumption that the energy dissipation per unit volume, e, 
is rather independent of the wave characteristics in these experi- 


ments. 


V.4 Experiments with LBPS Droplet Size Measurements 


Measurements were carried out on oil droplet size distribution and oil 
concentration in the water column, due to wave breaking in a surface oil 
slick in the Oil Flume. Two series of experiments were executed with dif- 
ferent values of the parameters as described in Section V.2. The series 
differ by the method of droplet size distribution measurement. Table V.2 
surveys the first series of experiments executed with the laser-beam 
particle sizer, to be discussed in this Section. Oil-water samples were 
- withdrawn simultaneously to determine the oil concentration by infra-red 
spectroscopy (see Section V.5). 


The LBPS was programmed to derive oil droplet size distributions every 
half a minute after the time of wave breaking, ty: The usual droplet con- 
centration in the measuring section required an integration time at least 
in the order of 30 seconds (27 seconds was applied) to obtain a real 
droplet distribution from the deconvolution procedure in the LBPS, other 
than a single contribution in the size class of maximum concentration. 
Twenty-four subsequent droplet distributions, each one averaged over 
thirty seconds, were measured. Consequently, information was gathered from 
t, = t, + 15 s, with the first averaged measuring time at t, + 30s, to 
t, = t, + 12 min. 


Examples of succesful LBPS data with droplet size distributions at dif- 
ferent times t. are shown in Figure V.4. The size distributions obtained 
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. Table V.2 Oil Flume experiments with LBPS 


experiment; oil type wave number interval | oil layer; temp. 
number and number T,(s) | of between | thickness 

weathering breaking | breaking | h, (mm) T (°C) 

state 

1 

P02 PB, : oo 1 - 0.6 17 
PO3 PB, .: Soe 4 - 0.6 17 
P04 PBy 31.2 1 - 0.6 17 
POS PBy ;- 18 1 - 1.2 17 
P06 PB, 5 1.0 1 - 0.6 17 
P07 PB, 7 0.8 1 - 0.6 17 
POS PBy 7 0.8 4 30 0.6 17 
PO9 PB, 1 1.3 1 - 0.6 17 
P10 PBio : Se 1 - 0.6 17 
Pll PBy 1 1.3 4 30 0.6 17 
P12 PB, ~~ 4 15 0.6 17 
P13 PB, .” 4 60 0.6 17 
P14 PB, ' bf 10 30 0.6 17 | 
P1S PBy 5 1.0 4 30 0.6 17 
P16 Eko 5 1.0 1 - 0.6 17 
P17 ¥ko 7 0.8 l - 0.6 17 
P18 Eko 1 1.3 l - 0.6 17 
P19 Eko 4 1.1 1 0.6 17 
P20 Eko 6 0.9 l - 0.6 17 
P21 Eko 3 1.2 j - 0.6 17 
P22 Eko 2 1.25 l - 0.6 17 
P23 PB, 1 1.3 1 - 0.6 
226 PBy i t@ 4 30 0.6 
P25 PB, 2 12s] 1 - 0.6 
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ranged fros qd, = 20 um to qd, = 400 um. However, the quality of the most 
measured distributions in the various experiments was poor as compared 
with the examples in Figure V.4, with few and sometimes irregular size 
class contributions to the total distribution. Moreover, the mutual 
results of the measurements at the four different depths were not always 
consistent. The poor quality of the LBPS measurements was probably due to 
the following features: 

a) the concentration of the dispersed oil droplets is low relative to the 
measuring capability of the LBPS. 

b) the dispersed oi| droplets were rather irregularly distributed over 
the length of the flume, while the two particle sizers were placed at 
fixed positions along the flume. (Figure V.19 shows an example of 
irregular distribution of oil droplets immediately after the breaking 
wave passage. See also Figure V.6). 

c) the measurements at four depths were obtained from two different 
experiments because only two particle sizes were available. 

The poor LBPS measurements due to the mentioned features, and the fact 

that it was not possible for the LBPS to measure small droplets in a 

droplet size distribution with a considerable “background" of large 

droplets (discussed in Appendix A.2.1) were the reasons to develop a dif- 
ferent technique for droplet size distribution measurements in the present 
experimental circumstances. The experiments with the new measurement tech- 

niques are described in Section V.5. 


The LBPS data obtained in the experiments surveyed in Table V.2, were 
reduced by derivation of the average droplet size, dso, from the measured 
droplet size distribution. Figure V.20 shows a succesful example of dso 
versus time t. at four depths z below the water surface. The decreasing 
value of deg with increasing depths z, and the decreasing dcg in the 
course of time t, was, at least for the greater part, due to continuing 
resurfacing of large oil droplets. Whether different dcg values at dif- 
ferent depths was also due to different intrusion depths from the wave 


breaking process cannot be derived from these data. 
Generally, a considerable spread in dso was found, both in time ta and in 
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FIGURE ¥.20 oroplet size deg versus t, at various depths z 
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depth =< within an experiment. Therefore, the derived d«, values were 
averaged over the four depths to a single value per time t,. The 
Figures V.21 to V.23 show resuits of d<, as a function of the different 
wave (indicated by the wave period T,) at t, = 15 s, 60 s and 240s re- 
spectively. Conclusions from the droplet size distribution measurements in 
this series of experiments are drawn in combination with the results of 
the second series of experiments described in Section V.5. 


V.5 Dispersed Oil Concentration Measurements 


Simultaneous with the LBPS measurements, oil-water samples of 0.6 litre 
were taken at 1 minute and 4 minutes after wave breaking. The samples were 
withdrawn at various depths, through 4 small pipes on the bottom of the 
flume. (See Figure V.19). The oil concentrations were determined by 
infra-red spectroscopy. Similar to the d., measurements in Section V.4, « 
, considerable irregularity was found for the values of C, at different 
depth and at different times, probably due to the features described in 
Section V.4 a and b. Therefore, the oil concentrations for various depths 
were averaged to a single value per time. Figures V.24 and V.25 show the 
results for the various experiments as a function of wave period T,- The 
oil concentration data were used for the derivation of equations descri- 


bing the oil entrainment in different circumstances, see Section VII. 


V.6 Experiments with Microscopic Droplet Size Measurements 


¥V.6.1 Introduction 


Section V.4 described the experiments on oil droplet size distributions at 
various depths measured by two Laser Beam Particle Sizers. The applied 
optical systems should enable determination of droplet sizes in the 20- 
1900 pm range, devided into 20 subranges. The oil concentrations in water 
samples from various depths were determined by infra-red spectroscopy. 
However, the measured droplet size distribution did not meet the require- 


ments due to the following reasons: 


- 240 - 


symbol oil Ry T breaking interval 
400}: ic (°C) waves (s) 
O PB 20.6 17 1 - 
e Exo 0.6 17 1 - es 
| en 1 - 
V PB; 0.6 17 1 - 
_ PB, 1.2 17 1 - 
= PBp «40 s«O«. 6 9 1 - 
a PB, 2 s«éO.6 17 4 15 O 
* PB, =s«0.6 17 - 30 
300} X PBo 0.6 17 10 30 
= * 
E 
3 
$ 
O > & 
200 
O 
e 
® 
e 
100} 
0 I i L 1 | | 
0.8 0.9 1.0 11 1.2 1.3 


FIGURE ¥.21 dep at t, = 15 s for different experiments 
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FIGURE JY. 23 deg at t= 240 s for different experiments 
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FIGURE VY. 24 Depth-aversged o11 concentration at t, = 40 = for 
different experiments 
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FIGURE ¥.25 Depth-averaged oi1 concentration at t, = 240 » for 
different experiments 
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Tabel V.3 Oil Flume experiments with samplers 


experi-/| oil type, wave oil laye tempe- 
ment weathering |number T, H, thicknesma rature 
number | state (s) (m) |b, (om) T (°C) 
$2 PBy 2 1.25 0.20 0.6 15 
$21 PBo 2 1.25 0.20 0.6 15 
$3 PBio 2 1.25 0.20 0.6 15 
$4 Ekofisk 2 1.25 0.20 0.6 15 
$17 PBy 2 1.25 0.20 0.6 2 
$18 Ekofisk 2 1.25 0.20 0.6 2 
$19 PBo 2 1.25 0.20 0.6 8 
$20 Ekofisk 2 1.25 0.20 0.6 8 
89 PBy 1.2 0.20 0.2 iS 
ss PBo 1.2 0.20 0.6 15 
si0 PBo 1.2 0.20 1.2 is 
$7 PBio 1.2 0.20 0.6 15 
$11 Ekofisk 1.2 0.20 0.6 15 
$14 PBo 1.0 0.15 0.6 i5 
$16 Ekofisk 1.0 0.15 0.6 15 
$13 PBy 7 0.8 0.10 0.6 15 
$12 Ekofisk 7 0.8 0.10 0.6 15 


Figures 
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a) the accuracy of the measured distributions was low due to the low con- 
centration of oil in the water. 

b) droplets in a certain subrange could only be detected if the oil 
volume in the subrange exceeds the value of 0.1 percent of the oil 
volume in the entire range of measurement. 

c) a considerable number of oil droplets will probably exist in the range 
below 20 wm , beyond the range of the LBPS. 


The restricted usefulness of the LBPS has led to the development of a 
sampling device (see the description in Appendix A.2.3) which enabled the 
reliable determination of oil droplets with sizes down to 50 pm by macro- 
photography and sizes down to 3 wm by visual microscopy. This sampler 
enabled the determination of the relative droplet size distribution and 
the absolute oil concentration. 


A suries of experiments with the samplers were performed in the Oil Flume. 
The various experiments are listed in Table V.3. The experiments were more 
or less a repetition of some experiments with the LBPS, discussed in 
Section V.4. 


V.6.2 Experimental set-up 


The following steps were taken during each experiment. 


The selected wave train with a single breaking wave was observed in a dye 
experiment to obtain the extension of the turbulence field in course of 
time. The dye tracer was sprayed on the water surface in the flume before 
the passage of the breaking wave. Figure V.26 shows the breaking wave 
passage, at t. = 0. The subfigures b, c, d, e@ show the increasing dye 
cloud at t. "58, 20 s, 65 s and 125 s respectively. 


Ten oil-water samples were withdrawn during an oil dispersion experiment. 
The ten samplers were mounted at various depth on bars which in turn were 
mounted on a cart moving longitudinally over the flume (see Figures V.29 
and V.30). A sample was identified by the depth z, the period during which 
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FIGURE VY. 26 Dye experiment on breaking-wave turbulence field. wave 2 
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Dye experiment on breaking-wave turbulence field. 
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Dye experiment on breaking-wave turbulence field. 
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b) sets 2 and 3 


FIGURE V.29 sampling devices 
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FIGURE ¥.30 Sampling in oil dispersion experiment 
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sampling took place while the carriage was moving along the flume, and the 
(mean) time of sampling t, after the passage of the breaking wave. The 
period of sampling resulted in an averaging over a longitudinal trajectory 
in the droplet cloud. The time of sampling ta depth z, and horizontal 
sampling trajectory were selected from the results of the dye experiments 
on the extension of the turbulence field in the course of time for the 


different wave trains. 


Table V.4 surveys the various samples taken in an experiment. Sample "0" 
is the background sample, taken just before the experiment. The other nine 
samples were divided into three sets, with three different depths Zs wit- 
hin a set. The lengths of sampling time and the trajectory lengths are 
equal for all samples within a set. The trajectories were centered around 
the core of the oil droplet cloud (derived from the dye clouds in the dye 
experiments). 


The trajectory of the first set of samples (1A, B, C) was chosen com- 
pletely within the droplet cloud. Therefore, the volume of oil in these 
samples led to oil concentrations in the cloud averaged over a horizontal 
trajectory. The trajectories of the sampling set 2 and especially 3 incor- 
porated the complete oil droplet cloud. The oil volumes in these samples 
led to the total amount of dispersed oil at the specific depths below the 
water surface. The mounted sampling devices of set 1, 2 and 3 are shown in 
Figure V.29. Figure V.30 gives a more extensive view of sampling sets 2 
and 3 during sampling with set 2. 


After keeping the samplers in a stationary position for about 2 hours, 
photographs were taken from the top glass of the samplers (full size on 
the film negative). The droplet size distributions in the range 50 to 
2000 pm were derived from droplet-counting while projecting the negatives 
on a screen. After a stationary positioning of about 20 hours, the 
samplers were placed under the microscope. The applied enlargement was 


usually 72x for droplet counting in the size range 3 to 100 pm. (It is 


discussed in Section A.4 that. distortion of the distribution due to 
coagulation of droplets in the sampler is negligible). 


Table V.4 Oil-water samples in experiments with samplers 


sample 


1A 
1B?set 1 
ic 
2A 
2Bpset 2 
2c 
3A 
3Bpset 3 
3c 


depth below 


water surface 


z, (m) 


0.05 
-10 
-20 
.10 
.20 
.40 
.10 
.20 
-40 


oo co co Oo So Oo 


sanm~ 


pling time 


tn 


0 variable < 0 


(a) 


15 


60 


150 


period of 


sampling 
t, (s) 


10 - 20 
45 - 75 
120 - 180 


sampling trajectory 
length 
ue. = 5 cm/s u, = 3 co/s 


0.5 n.a. 


- 254 - 


Evidently, the number of droplets in a sampler depends on the droplet 
concentration in the cloud averaged over the sampling trajectory, and on 
the exchanged water volume V, during the length of sampling time. (See 
Appendix A.2.3). The exchanged volume V, in a sampler was derived from the 
density of the water in the device measured by a weighing procedure, 
relative to the known density of the brine originally in the 
device, han * 1150 ks/a’, and the known density of the water in the 
flume, p_ = 1025 kg/a. 


¥.6.3 The Measurements 


Table V.3 summarizes the Oil Flume dispersion experiments executed with 
the oil droplet samplers. Illustrations and results are given in Figures 
¥.31 to V.84, for all oil droplet samples taken. 


The photographs in the Figures V.31 to ¥.84 show the surfaced oil droplets 
in the samplers with d, > 100 ym. Air bubbles (circles) can be distin- 
guished easily from oil droplets (dots). The results of a set of samples 
(nA, mB, nC with n = 1, 2 or 3) were gathered in one figure. The droplet 
size distributions are given in a graph, for each set of samples. The 
droplet sizes were divided into size classes 0.7 d. to 1.4 d, centered on 
the logarithmic scale around the droplet size d.- The number of droplets 
in a size class, N(d,), was determined by counting. The results were 
transformed to N(d,) per litre (= concentration) for the first set of 
samples 1A, B, C, because these samples were withdrawn completely within 
the droplet cloud in the flume. The entire oil droplet cloud was traversed 
during set 2 and set 3 sampling. Therefore, the results of the set 2 and 
set 3 samples could be transformed to the number of droplets N(d.) in a 
horizontal “flume slice" on the depth of measurement (slice thickness was 
taken 1077h), by multiplication of the droplet numbers per exchanged unit 
volume (in n°) in the set 2 and set 3 samples with the trajectory length 
(see Table V.4), flume width (= 0.5 m) and slice thickness (= 0.43 x 107° 
m). 


Note: the number of droplets N(d,) in the Figures V.31 to V.84 are rela- 
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FIG. ¥.31 Ol OROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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FIGURE ¥.32 OIL OROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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FIG. Z.33 OIL DROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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FIG. ¥.35 OlL OROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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FIG. ¥.36 Oil OROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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FIG. ¥.37 Oil DROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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FIG. ¥.38 Ol OROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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FIG. ¥.39 OlL DROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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- 265 - 


RUN s7 PB 
SAMPLES 2 A,B,C 
WAVE 3 Twe 1.28 
TEMPERATURE =; °C 
OIL LAYER 0.6 mm 


WATERDEPTH 0.43 mM 
SMALL-SCALE EXPERIMENT 


106 — 4 ia t T Tt ' 


: SYMBOL SAMPLE 
ie Wi 
: s 6 A Cc 
Ve ny 10°F . 
: @ @ 
ta & o 
fol ° 4 
\N Py, |. | : 
iB 
; a a 


e 3 66.) «=—12. «25. «SO. 100. 200. 400. 800. 1600 
h ——@ OROPLET SIZE 4,( um) 


‘“ 
yo 


FIG. ¥.41 OIL OROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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FIG. ¥.42 OIL OROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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FIG. ¥.43 Oil OROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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FIG. ¥.45 OIL OROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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FIG. ¥.47 OIL DROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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FIG. ¥.48 Oil OROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 


- 273 ~- 


RUN S!10 PB, 
SAMPLES 1 ABC 
WAVE 3 Twe !-2 s 
TEMPERATURE 15 “°C 
OIL LAYER | 2mm 


WATERDEPTH 0.43m 
SMALL-SCALE EXPERIMENT 


i i i 7 i. ‘7 i i i 


2 6 12 25. SQ 100. 200 400 800 1600 
——@ OROPLET SIZE 4,(um) 


io} tem 
— 


e 
. . ys 
P. 
FIG. ¥.49 Oil DROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 


- 274 - 


RUN s10 PBy 
SAMPLES 2 A,B,C 
WAVE 3 Twe= 1.2 §$ 
TEMPERATURE 5 “°C 
OIL LAYER 1.2 mm 


WATERDEPTH 0.437m 
SMALL-SCALE EXPERIMENT 


106 as —— — 
iY) 
Y SYMBOL SAMPLE 
: 6 “ 
Z 0%} ® a - 
e) B 
s an fa C 
10°} 
: & 
z @ 
) & 103} g 
> S . 
; wi O | 
— 102} | 
) 3 
VA 
I. | , 
| 
1 i i i i -* i S.. i _ 


2 6 12 25. SO. 100. 200. 400 800 1600 
——@ OROPLET SIZE 4,(um) 


i@) 


6 lem 


—E 


FIG. ¥.50 OlL DROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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FIG. ¥.51 Ol DROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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FIG. Y¥.53 OIL DROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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FIG. ¥.55 OIL DROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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FIG. ¥.56 OIL DROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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FIG. ¥.57 Ol CROPLETS. DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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FIG. ¥.58 OlL OROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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FIG. ¥.59 OIL DROPLETS DISTRIBUTION IN BREAKING WAVE CXPERIMENTS. 
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FIG.¥.60 OIL DROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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FIG. YZ. 61 OlL DROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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OlL LAYER 0.6 mm 


WATERDEPTH 0.43m 
SMALL-SCALE EXPERIMENT 


ro] 
an 
“I 
4 
al 
= 
7 


: SYMBGL SAMPLE 
{0%} 5 e A. 
@) B 
“ 0 A Cc 
yn 10*> O 
= e 
: Db @6 
& 103} @ e 4 
: AAOs 
: A ° 
3 | 
| 
. - J 
1" 6 12 2s, $0 100 200400 600 1600 
——@ OROPLET SIZE 4,(um) 
0 tem 
J, —— 
. A 
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RUN $14 PB 
SAMPLES 3 A,B,C 
WAVE 5 Tw= 1.08 
TEMPERATURE ('!° °C 
OIL LAYER 0.6 mm 


WATERDEPTH 0.43M 
SMALL-SCALE EXPERIMENT 
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FIG. ¥.63 OIL DROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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RUN S15 | PB io 


SAMPLES 1 A,B,C 
WAVE 5 Tw 1.0 s 


TEMPERATURE i5 °C 
OIL LAYER 0.6 mm 


WATERDEPTH 0.43m 
SMALL-SCALE EXPERIMENT 
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FIG. ¥.64 OIL OROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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RUN SIS PB 
SAMPLES 2 ABC 
WAVE 5 Tw= 1.0 $ 
TEMPERATURE 15 °C 
OIL LAYER 0.6 mm 


WATERDEPTH 0.43 m 
SMALL-SCALE EXPERIMENT 
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FIG.¥.65 Oil OROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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RUN S15 PB 
SAMPLES 3 .aC 
WAVE > Tw= 1.08 
TEMPERATURE 5 °C 
OIL LAYER 0.6 mm 


WATERDEPTH 0.43m 
SMALL-SCALE EXPERIMENT 
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RUN S16 Eko 
SAMPLES 1 ABC 
WAVE 5 Twe 1.08 
TEMPERATURE 5 °C 
OIL LAYER 0.6 mm 


WATERDEPTH 0.43 m 
SMALL-SCALE EXPERIMENT 


106 = T T 
SYMBOL SAMPLE 

= 105} © A 

z K fe) B 

. A - 

= 0} ) g 

: 4° 

toll | {\ © 4 
Ss 

: 986, 

z 07F e - 
Al 

t. | | 

E 1 TIT Tr as” 80, 100. 200. 400 800 1800 


——@ UROPLET SIZE 4,(um) 
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RUN S16 Eko 


SAMPLES 2 ABC 


TEMPERATURE 15 °C 
OIL LAYER 0.6 mm 


WATERDEPTH 0.43m 
SMALL-SCALE EXPERIMENT 
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FIG. .68 OIL OROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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RUN S16 Eko 
SAMPLES 3 ABC 
WAVE 5 Tw= 1.0 $ 
TEMPERATURE 15 “°C 
OIL LAYER 0.6 mm 


WATERDEPTH 0.43mM 
SMALL-SCALE EXPERIMENT 
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FIG. ¥.69 Oil DROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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RUN °17 PBY 
SAMPLES 1 BC 
WAVE 2 Twe !-25s 
TEMPERATURE 2 °C 
OIL LAYER 0.6 mm 


WATERDEPTH 0.43m 
SMALL-SCALE EXPERIMENT 
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FIG. ¥.70 Oil DROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 


RUN S17 PB 
SAMPLES 2 ABC 
WAVE 2 Twe 1.258 
TEMPERATURE 2 °C 
OiL LAYER 0.6mm 


WATERDEPTH 0.43 mM 
SMALL-SCALE EXPERIMENT 
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FIG. ¥.71 Ol. DROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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RUN $17 PB, 
SAMPLES 3 AB 
WAVE 2 Tw= 1.258 
TEMPERATURE ~* ‘°C 
OIL LAYER 0.6 mm 


WATERDEPTH 0.4 3m 
SMALL-SCALE EXPERIMENT 
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FIG. ¥.72 Oil OROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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RUN S18 Eko 
SAMPLES | ABC 
WAVE 2 Twe !-25s 
TEMPERATURE 2 °C 
OIL LAYER 0.6 mm 


WATERDEPTH 0.43 m 
‘SMALL-SCALE EXPERIMENT 
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FIG. ¥.73 Oil OROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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RUN $18 Eko 


SAMPLES 2 ABC 
WAVE > Tw2=1.25 $ 
TEMPERATURE > - 
OIL LAYER 0.6 mm 


WATERDEPTH 0.43m 
SMALL-SCALE EXPSRIMENT 
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FIG. ¥.74 OIL DROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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RUN S18 Eko 
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RUN S19 PB, 


SAMPLES | ABC 
WAVE 2 Tye 1.25s 
TEMPERATURE & ‘°C 
OIL LAYER 0.6 mm 


WATERDEPTH 0.43 m 
SMALL-SCALE EXPERIMENT 
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FIG. ¥.76 Oil DROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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RUN S19 PB 


SAMPLES 2 ABC 
WAVE 2. Twe !-25s 
TEMPERATURE 8&8 °C 
OIL LAYER 0.6 mm 


WATERDEPTH 0.43m 
SMALL-SCALE EXPERIMENT 
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RUN s19 PB, 
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RUN S20 Eko 
SAMPLES 1 ABC 
WAVE 2. Tw 1.258 
TEMPERATURE 9 °C 
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FIG. ¥.79 OIL DROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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FIG. ¥.80 Ol. OROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 


- 305 - 
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FIG. ¥.81 lL DROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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RUN s21 PB, 
SAMPLES 1 A,B,C 
WAVE 2 Tw= 1.258 
TEMPERATURE 5 ‘C 
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RUN $21 PBY 
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FIG. ¥.83 OIL OROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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FIG. ¥.84 Oil OROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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Table V.5 Oil droplet intrusion depths, Zis due to breaking waves 


parameter wave 2 wave 3 wave 5 
Hy 0.23 0.24 0.15 0.10 
vue 0.12 0.12 0.08 0.04 
Zs 0.40 0.325 0.20 0.15. 
z,/H, 1.7% 1.35 1.33 1.50 
7 on 3.33 2.70 2.50 3.75 
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tive to a size range interval around the droplet size d. where the inter- 
val is proportional to d.- In the graphs, the intervals 0.7 d, to 1.4 d, 
centered around d. were chosen (i.e., centered around d, on a logarithmic 


scale). 


V.7 Measurements of Oil Intrusion 


The intrusion depth of oil droplets from a surface slick into the water 
column due to breaking waves was observed in the Oil Flume by taking 
photographs. Figure V.6 shows the initial intrusion of droplets in some 
tenths of a second after the passage of the breaking wave (wave 1 in 
Figure V.6). The initial intrusion is due to the mixing in the bore of the 
breaking wave, while the intrusion depth is of the same order as the 
height of the bore. However, the intrusion proceeds by the (decaying) 
turbulence in the upper water layer in the successive tens of seconds 
after the wave passage. This is shown by the dye experiment with wave 2 in 
Figure V.7. The final intrusion depth Zi due to the bore turbulence, is 
the most interesting parameter as regards the dispersion of oil. 


z, is defined as the depth of the almost homogeneous dye concentration, 
averaged over the length of the breaking wave. z, for wave 2, wave 3, 
wave 5 and wave 7 was measured visually by dye experiments. Photographs of 
experiments with wave 2, wave 5 and wave 7 are shown in Figure V.26, V.27 
and V.28 respectively. The values of z, are given in Table V.5, together 
with the wave heights of the breaking waves H,, the bore heights Bhore and 
the ratios 2,/H, and z,/h,..,- 


¥.8 Discussion and Results 


The two series of experiments, with the laser-beam particle sizer and with 
microscopic observation of the droplet size distributions, are considered 
in this Section. Experimental data consist of the droplet size distribu- 


tions, the oil concentration measurements obtained by infra-red spectro- 


- 311 - 


scopy, and the dye observations on the extension of the (oil droplet) 
clouds due to breaking waves. The discussion concludes with in relation- 
ships regarding the droplet size distribution of dispersed oil, the in- 
trusion depth of oil droplets, and the entrainment of surface oil by a 
breaking wave. 


The following discussion is restricted to the experiments with single 
breaking waves. Some experiments were conducted with regular repeated 
breaking waves (see Tabie V.2) with intervals of 15, 30 or 60 seconds, but 
it was concluded that the droplet distribution and concentration measure- 
ments in these sxperiments could never be related to clear external para- 
meters as oil layer thickness, oil viscosity etcetera. Many conditions 
changed rapidly in the course of the experiments due to the following 
features: 

a) the surface oil slick was originally restricted to a homogeneous film 
in the two metres long breaking wave and measuring section but spread 
soon over a wide flume section broken up into patches irregular in 
size and thickness, 

b) rapid emulsification did occur due to the mechanical action of the 
breaking waves, especially with Prudhoe Bay oil. Consequently, the oil 
viscosity increased rapidly during an experiment, 

c) Many oil droplets moved out of the measuring section and spread over 
the entire flume due to (uncontrolled) currents induced by the wave 
generator. Consequently, experiments with repeated breaking waves were 
not conducted in the second series of experiments with the oil droplet 
samplers (see Table V.3). 


V.8.1 Droplet size distribution 


The most important result obtained from the N(d,) versus d, graphs in the 
Figures V.31 to V.84 was the linear relationship between log N(d.) and log 
d,- The relationship appeared valid for all measured size classes except 
the classes with the largest droplet sizes. Moreover, the relationship was 
valid for all experiments independent of tho oil type, layer thickness, 
temperature and oil weathering state, and in addition the slopes of the 
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curves were highly invariable. The graphs lead to the equation: 
- 4 Thee 
N(d.) ~ 4, (5.16) 


with N(d.) = number of droplets in the 0.7 d, to 1.4 d, droplet size 
interval. 

It is postulated that, in the first instance immediately after the 
breaking event, Equation (5.16) is valid for all droplet size classes from 
infinitely small to infinitely large. However, big droplets and oil lumps 
resurface very quickly after the passage of the breaking wave, leading to 
a droplet size distribution in the water mass that deviates from Equation 
(5.16) as far as the large droplet size classes are concerned. This devia- 
tion eventually affects smaller size classes if no residual turbulence is 


present to keep these droplets in suspension. 


Equation (5.16) leads to the following equation as regards the relative 
volume of oil in the size classes: 


V.(d,) = 1.45 W(4,) (5.17) 


with V(d,) = volume of oil in the droplet size interval 0.7 d, to 1.44,, 
V.(d,) = total volume of oil droplets smaller than 1.4 4d, (down to 
infinitely small). 


Equation (5.16) was supported by droplet size measurements down to the 
droplet size class 3 to 6 wm. It is not known how far Equation (5.16) can 
be extrapolated to smaller size classes. Equation (5.17) indicates that 
the oil volume of droplets smaller than 3 ym is very small relative to 


larger size classes, even if extrapolation is possible down to infinitely 
small droplets. 


V.8.2 Intrusion depth 


The measurements of the wave height H, of the breaking wave, the bore 
height hh... and the intrusion depth z, due to the breaking wave iead to 
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linear relationship betweez H, and z,, and h,... and z;. (See Table V.5). 
The averaged values of z,/H, and 2z,/h,... for the four different waves 


resuit in: 


, = 1.5 (+ 0.25) B, (5.182) 


z, = 3.1 (+ 0.7) bo, (5. 18b) 


The numbers in between brackets indicate the spread of the empirical coef- 
ficients. 


¥.8.3 Oil entrainment 


As regards the oil dispersion experiments in the flume, the entrainment Q 
(kg/m*) is defined as the dispersed oil mass in the water column due to 
the break-up of a unit area of a surface oil film by a (single) breaking 
a is the time since the passage 
(t. = 0) of the breaking wave. In principle, Q(t, =0) equals the surface 
slick mass per n? because all surface oil is submerged by the breaking 
wave. However, the oil lumps and big oil droplets resurface almost 
immidiately after the breaking event and subsequently, droplets with even 
smaller sizes resurface if the ambient turbulence is not capable to keep 


wave. Q depends strongly on te where t 


the droplets in suspension. 


Empirical descriptions of the entrainment Q from oil concentration mea- 
surements in the water column are hampered by the droplet resurfacing 
process that causes time-dependent oil concentrations as well as con- 
centrations dependent on the distance to the surface, z, even if the con- 
centration was homogeneous at . © 0 within the depth of initial 

intrusion, zy. Therefore, the following description of the entrainment Q 

and droplet size distribution d.(f) is pursued: 

a) The N(d.) - 4d, graphs (see Figures V.31 to V.84) indicate a vertically 
homogeneous concentration in exch size class of (mall) droplets that 
is not (yet) distorted by resurfacing. Homogeneity exists over the 
depth of intrusion, 2, (=definition of z,). 
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b) 


c) 


d) 


e) 


The relative numbers of droplets in the various size classes are given 
by Equation (5.16): N(d,) - Re In the first instance, the droplet 
sizes range from infinitely smal to infinitely large. 

Absolute values of N(d.) are derived from the oil droplet samples for 
one or more size classes of small droplets that fulfill the homo- 
geneity described in a. 

All measured droplet size distributions d,(£) continue, as regards the 
small droplets, down to at least doan = 3 wm. Continuation until 
doin = 0 is supposed with relative gize class concentrations according 
to Equation (5.16). (The volume of oil with d, < 3 um is generally 
negligible as compared with the total volume of dispersed oil.) 

The maximum droplet size dex at a given time t, and at a given depth 
z, might be derived from measurements (oil droplet samples) or from 
calculations of the vertical diffusion in the oil droplet cloud. 
(Parameters in the calculation are the vertical diffusion coefficient, 
., the terminal velocity of the oil droplet considered, W, and the 
vertical coordinate, z,). All droplets in a smaller size class than 


dex fulfill the conditions in a. and b. at the considered time t. and 
at depths z with z $ z: 


Or to put it in other words, the entrainment of oil by a breaking wave is 
described by: 


a) 
b) 
c) 


d) 
e) 
f) 


intrusion depth z ‘ 


relative d.(f) distribution with N(a,)-a.~**? 

homogeneous N(d.) distribution over z % z' 

(especially: N(d,) homogeneity within zy for d, < 

for 4. $ dx (z,)) G40 (s', t,) 


absolute value of N(d.) for at least one size class 

empirical and/or calculated data on 4... (z,t,) 

empirical and/or calculated cata on N(d.) (z,t,) for 
qd. 2 —_ (z',t)) and z S$ z' 


where z and z' are vertical coordinates with 0 S$ z, z' $ z.: 


Empirical results for oil entrainment dependence on type of breaking wave, 


type of oil and weathering state, temperature and surface layer thickness 
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are given in Figure V.85 and V.86. The data were derived from curve- 
fitting of the N(d,) - d, graphs of the specific experiment with the 
general curve slope given by Equation (5.16). Curve-fitting took place for 
droplet sizes smaller than 200 um. These droplets were in any case in 
suspension in the flume during sampling. The N(d,) - d, graphs of the 
samples 2A, 2B, 2C and 3A, 3B, 3C were used for this purpose. These 
samples deal with the oil entrainment Q,.,(kg/m) due to the entire . 
breaking wava per unit width. (The samples 1A, 1B, 1C deal, more or less, 
with the oil entrainment Q (kg/m?) per unit area of the breaking wave). 


The entrainment parameters are given on a relative scale in the figures. 


Figure V.85 shows the oil entrainment for the waves 2, 3, 5 and 7, with 
wave periods zt, ° 1.25, 1.2, 1.0 and 0.8 s respectively. The entrainment 
increased with increasing wave energy. The experiments were performed with 
PB.» 
Ekofisk and smaller for PB), relative to the entrainment for PB. Figure 


PBio and Ekofisk oil. Apparently, the entrainment Q was larger for 


V.85a indicates the oil entrainment per breaking wave Qrot? for the 
entrained oil integrated over the entire length of wave breaking. The 
entrainment per unit length of wave breaking is shown in Figure V.85b by 
the parameter Q with Q = Q..,/1,- (1, = bore covered length). 


Oil entrainment versus temperature (T) is shown in Figure V.86a. The 
experiments were performed with wave 2 and temperatures T = 2°C, 8°C and 
15°C. PB, and Ekofisk oil were applied. Q decreased with decreasing 
temperature. It was obtained again that the entrainment of PB, was less 
than with Ekofisk. The oil entrainment versus oil type and temperature is 
shown also as far as the viscosity ‘5 is concerned. The effect of oil type 
and temperature on the entrainment can be considered as the effect of 


viscosity: Q increases with decreasing viscosity. 


Figure V.86b shows the results of three experiments with different oil 
surface layer thicknesses h, = 0.2. 0.6 and 1.2 mm. The entrainment was 
not significantly different, Q seemed independent of h,- Comparable 
results were obtained by Milgram et al. (1978) from laboratory measure- 


ments on oil dispersion by breaking waves, with oil layer thicknesses of 
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h, = 0.55 mm and h, = 5.5 mm. The values of Q with h, = 5.5 mm were only 


half to twice as great as with h, = 0.55 mm, for different types of oil. 


Milgram explained the independence of Q from h, by the damping effect of 


the oil layer on the turbulence, or the generation of larger oil droplets 


(and resurfacing) for thicker oil films. (We give a different explanation 


in Section VII.5). The independence of Q from h, is also in good agreement 


with the wind wave flume experiments of Bouwmeester and Wallace (1986) 
with oil film thickness of h, = 0.3 and 0.8 mm (See Section II.2). 


V.9 Conclusions from Small-Scale Breaking Wave Experiments 


The experiments lead to the following conclusions: 


a) 


b) 


c) 


The droplet size distribution d,(f) of dispersed oil fulfilled the 
equation 


N(d,) ~ a,7}9 (5.16) 


N(d,) = number of droplets of droplet size interval 0.7 d, to 1.4 d.- 
Equation (5.16) is valid over a large range of droplet: sizes down to 
d, = 3 um and is valid for all applied oil types, weathering states, 
breaking wave periods, temperatures and surface layer thicknesses. 
Resurfacing of big droplets led to a deviation of the size distribu- 
tion from the Equation (5.16). 


Equation (5.16) indicates the following relation of the oil volume to 


the various size classes: 
V.(d,) = 1.45 V(d,) (5.17) 


V(d,.) = volume of oil droplets in the size interval 0.7 d, to 1.4 d, 
V, (4,) = volume of oil droplets smaller than 1.4 d.: 


The oil droplet intrusion depth due to a breaking wave fulfils the 
Equations: 
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d) 


e) 


f) 


g) 


h) 


i) 


z° 1.5 A, (5. 18a) 


z* 3.1 Dore (5.18b) 


where H,, = height of breaking wave and 
Biore * bore height of breaking wave 


The droplet size distribution d.(f) and the entrainment Q were in- 
dependent of the oil layer thickness h,, in the range h, = 0.2 to 


1.2 mm. 


A thin layer experiment with h, = 0.2 mm indicated that the oil drop- 


lets formed can be much larger than ho, in agreement with experiments 
in the grid column. (See Section III). 


Total oil entrainment Qot as well as the entrainment per unit area Q 


increased with increasing breaking wave energy. 


The relative entrainment for different types of oil is given by: 
Q(PB,) : QCPB,9) : Q(Eko) = 1: 0.6: 2.2 


Oil entrainment decreased significantly with decreasing temperature. 


Rapid emulsification took place in breaking wave conditions. 


The preceding conclusions were drawn from the Oil Flume experiments as a 
separate portion of the present study. The discussion in Section VII in- 
tegrates the Oil Flume experimental results with the results from the grid 
column experiments and the large-scale Delta Flume experiments, and leads 
to quantitative descriptions of the droplet size distributions and the oil 
entrainment in different circumstances. 
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VI. LARGE-SCALE EXPERIMENTS ON OIL DISPERSION BY BREAKING WAVES 


VI.1 Introduction 


Some of the small-scale Oil Flume dispersion experiments with the sampling 
devices (see Section V.5) were performed in the large-scale Delta Flume as 
well. The Delta Flume is described in Appendix A.1.3. 


The length scaling factor Ry) between the Delta Flume and the Oil Flume was 
n, = 10. Accordingly, the water depth in the Oil Flume (0.43 m) was 
increased to 4.3 m and the wave height of the breaking waves was about 2 m 
in the Delta Flume. The experiments on the break-up of an oil layer in the 
Delta Flume can be considered as full-scale experiments with respect to 
the water depth and wave heights, but differences exist in the way of 
generation of the breaking waves. Breaking waves in field conditions are 
generated by the wind or by waves on a sloping bottom, while the breaking 
waves in the flume are due to a specific composition of irregular waves 
from the wave generator. It is assumed that the effect of the breaking 
waves on oil dispersion in the flume is similar with field conditions if 
the energy dissipations are equal. 


The purpose of the Delta Flume experiments was to compare the more exten- 
sive series of experiments in the Oil Flume with measurements where the 
breaking wave energy per unit area is a factor of 100 larger. Moreover, 
the turbulence level from the breaking wave in the Delta Flume is of the 
same order of magnitude as in the grid column experimental conditions. 


The Delta Flume was equipped with a wave generator very comparable with 
that in the 011 Flume. The wave generator in the Delta Flume was fed with 
the same wave train signal as used in the Oil Flume, but the wave height 


was amplified with «a factor n, = 10 and the wave period with nny, * 10%, 


VI.2 Experimental Set-up 


The performance of the Delta Flume experiments was as similar as possible 
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FIGURE WI. 1 Measuring section in the Delta Flume 
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to the Oil Flume experiments, in particular as regards the second series 
of Oil Flume experiments making use of samplers and microscopic obser- 
vation of oil droplets. Of course, the length scaling factor n, * 10 had 


to be taken into account. 


Figure VI.1 is a picture of the measuring section of the flume. The 


messuring equipment is generally mounted on the movable cart. 


Flume water 


The Zlume contained fresh water (S = 0) in contradiction with the salt 
water conditions (S = 30 °/oo) in the Oil Flume. However, it was concluded 
in the grid column experiments that the salinity of the water does not 
influence the break-up of oil. Of course, the density of the water in- 
fluences the buoyancy of the oil droplets and therefore, it influences the 
resurfacing of the droplets. (pL = 1000 kg/m” in the Delta Flume and 
A, * 1025 kg/m” in the Oil Flume; see also Section VII.4). The water depth 
was h = 4.3 m, compared with h = 0.43 m in the Oil Flume. 


Oil slicks 


The oil films in the small-scale Oil Flume were 2 m long, 0.5 m wide and 
were generally 0.5 mm thick, the volume was 0.5 litre. Scaling of these 
oil films with n, = 10 to Delta Flume dimensions would lead to an infea- 
sible oil volume of 500 litres per experiment. It was decided to use only 
50 litres of oil per experiment. The oil must be spread over a length of 
10 metres, width of 5 metres (= total width of the flume), and conse- 
quently lead to the average thickness of h. = 1 mm. In the Oil Flume, the 
oil covered the total water surface in between the desired boundaries. The 
relatively small volume in the Delta Flume was unable to cover the sur- 
face by gravitational spreading after pouring the oil from buckets onto 
the water surface. (Figure VI.2). Moreover, forced spreading by the ap- 
plication of movable barriers, similar as applied in the Oil Flume, failed 
to cover the total surface. The application of oil in the experiments took 


place by pouring the oil from buckets in different spots on the water 
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FIGUPE WI.2 011 pouring onto the water surface 
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surface with subsequent restricted gravitational spreading. The surface 
covering fraction within the boundaries of the slick, Sco? was only 0.25 
for Prudhoe Bay oil and S.., * 0.35 for the less viscous Ekofisk oil, with 
mean film thicknesses on the covered spots of 4 and 3 millimetres respec- 
tively. Consequently, two discrepancies occured between the Oil Flume and 
the Delta Flume as far as the oil films were concerned, the surface 
covering fractions and the (scaled) film thicknesses were not similar. It 
was concluded from the Oil Flume investigations that the oil entrainment 
and droplet size distributions were independent of the film thickness h, 
in the millimetre range. The conclusion will be invalid for oil sheen and, 
ultimately, uncovered surface (h,= 0). It is assumed that the droplet 
cov? while 
the oil entrainment is independent of h, and linearly proportional with 
s 


size distribution of dispersed oil is independent of h, and $ 


cev* 


Breaking waves 


Oil dispersion was due to breaking waves, similar to the Oil Flume ex- 
periments. Three Oil Flume wave trains (wave 2, wave 3 and wave 5) were 
scaled up to Delta Flume dimensions by increasing the wave height and wave 
lengths by a factor 10, and the wave period by a factor 10%, Measurements 


and calculations of the wave properties in the Delta Flume are described 
in Section VI.3. 


Figure VI.3 shows the breaking of a wave in the oil-covered measuring 
section. Wave breaking took place over about 26 m with wave 2 and wave 3, 
and over 18 m with wave 5, while the applied oil slick lengths in the 
experiments were 10m. The oil surface slicks were located completely 
within the areas of wave breaking in contradiction with the Oil Flume ex- 
periments where the oil slicks included the wave-breaking trajectories. 
(The slicks lengths were not scaled with n, = 10 because of the limited 
oil volume available in the Delta Flume. The discrepancies in relative 
lengths of oil slick and wave-breaking trajectory between the Oil Flume 


and the Delta Flume were taken into account in the entrainment calcula- 
tions). 
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F 
IGURE WI. 3 Breaking-wave passage through an oil slick 
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Oil droplet distribution 


Oil droplet samples were removed from the Delta Flume with the same 
samplers as used in the small-scale experiments. The samplers were mounted 
on a rod at various depths, z, below the water surface. (See Figure 
VI.5a, b). The rod was mounted on a cart running longitudinally over the 
flume rims (Figure VI.4). Table VI.1 and Figure VI.6a survey the depths, 
sampling times and sampling trajectories of the samples taken during the 
experiments. (Compare Table VI.1 with Table V.5 for the small-scale ex- 
periments). Sample "0" was the background sample. The three sets of 
samples 1A, B, C, 2A, B, C and 3A, B, C were withdrawn while moving the 
samplers through a part of the oil droplet cloud. The sampling trajec- 
tories were chosen to lay completely or almost completely within the 
cloud. The sampling trajectories were shifted ove: several metres relative 
to the location of the surface slick as shown in Figure VI.6a, because it 
was the experience in the small wave flume experiments that the oil 
droplet clouds moved “leeward” with the breaking waves. This was confirmed 


in the Delta Flume experiments by concentration measurements, see Section 
vI.3. 


The oil droplet samples were treated and investigated in the same way as 


in the Oil Flume measurements. 


Oil concentration and entrainment 


The total amount of dispersed oil per breaking wave was determined from 
samples withdrawn by tubes at four different depths. (See Figure VI.4 and 
Figure VI.5c). Table VI.1 and Figure VI.6b survey the depths, sampling 
times and sampling trajectories of the oil concentration samples. The 
removal took place along trajectories through the entire oil droplet 
cloud. The samples were collected in 0.6 litre bottles for oil con- 


centration measurement by infra-red spectroscopy. 
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rod with rod with rod with large-size 
oil droplet | flow velocity | oil-droplet samplers 
samplers and turbulence | (mot used) and tubes 
meters for oil concent ration 
sampling 


FIGURE VI.4 Measuring equipment before submerging 
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b) series of samplers for given depth 


and different sampling times 
GQ) samplers and flow 


velocity meters 


¢) pumps, tubes and bottles for sil 


concentration sampling 


FIGURE WI.5 Details of measuring equipment 
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Table VI.1 Oil droplet samples and oil concentration samples 


sample depth below mean sampling | period of sampling tra- 

water surface; time sampling jectory length 
(m) 

z (m) t, (minutes) t,, (minutes) | (u, = 0.08 m/s) 

oil droplet 

samples: 

0 | variable <0 

1A 0.50 

Se 1.00 ! 2% 2+3 4.8 

ic 2.00 

2A 0.50 

28 1.00 ¢ 9711 9.6 

2c 2.00 

3A 0.50 

3B 1.00 t 18 + 20 9.6 

3c 2.00 


oil concentration 


samples: 

Al,A2,A3 0.5 15 13 + 17 19.2 
B1,B2,B3 1.0 15 13 + 17 19.2 
C1,C2,C3 1.75 15 13 + 17 19.2 
D1L,D2,D3 3.00 15 13 + 17 19.2 
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VI.3 Measurements of Energy Dissipation 


Three Oil Flume wave trains were selected and scaled up to Delta Flume 
values. The wave lengths and wave heights of the Oil Flume parameters were 
increased by a factor 10 because the length dimensions of the Delta Flume 
(length, width and water depth) were ten times larger. The wave period T, 
and wave propagation velocity c were scaled up by 10% because c is pro- 
portional to n® (h = water depth) and T, is proportional to L/c. The 
selected wave trains, characterized by their average wave periods were: 
wave 2: Ty, = 1.25 x 10% = 3.955, 

wave 3 : Ty3 * 1.2 x 10* = 3.79 s, 

wave 5: Tyg 1.0 x 10" = 3.165. 


The water depth in the flume was 4.3 m. Fresh water was used. 


Expressions were derived in Section V.3.1 to calculate the energy dissi- 
pation. The measurements of breaking-wave energy dissipation in the 
Oil Flume were described in Section V.3.2. Similar measurements in the 
Delta Flume are discussed next. 


Two wave-height meters were placed before and beyond the breaker zone at 
distances of 29 m and 65 m from the wave generator. A third wave height 
meter was placed as close as possible to the point of initial breaking of 
the wave trains at 39 m from the wave generator. T, and H, were derived 
from the recordings of the meter at 39 m. The parameters f, L and c were 
calculated from Ty» H, and h by applying short wave theory. Following the 
same method used with the Oil Flume experiments, the signals of the two 
outer meters were time-integrated to define the integrated power spectra 
of the wave trains before and beyond the breaker zone. 


The bore covered length 1, was determined from visual observation. The 
parameter t, was calculated from l/c. The average bore height Dore Was 
determined by taking pictures of the bore from the side of the flume, at 
the point where the bore was most powerful. The Figures VI.7a, VI.8a and 
VI.9a show the photographs of the waves 2, 3 and 5 respectively. The 
average bore height Ties was estimated to be half the maximum bore 


- 332 - 


breakpoint 


a) 


b) 


FIGURE YI.7 


Breaking wave 2 in delta flume 
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FIGURE WI.8 Breaking wave 3 in delta flume 


- 334 - 


a) breakpoint 


b) bore 


FIGURE YI. 9 Breaking wave 5 in delta flume 


= 33§ < 


Table VI.2 Results of Delta Flume wave measurements and scaled Oil Flume 


wave measurements 


para- | units | scaling scaled values measured values 
meter | factor (see Table V.1) 
Oil Flume 
--~ Delta; wave train number wave train number 
Flume 2 3 5 2 3 5 
| 
ps, |m’s | 100VI0 | 4.30 3.60 1.45 | 2.71 2.19 1.09 
PS;, |m*s | 100710 3.95 3.38 1.36 | 2.39 1.93 0.93 
h 2 |10 4.3 4.3 4.3 Ss 62 &5 
by 2 |10 62 69 3.7 3.7 3.85 
ho 2 |10 5.0 5.9 5.3 5.6 5.5 5.25 
Hi, 2 |10 2.3 2.6 41.5 1.9 1.8 1.4 
ty s | 10% 4.7 4.7 3.5 | 4.2 4&1 3.5 
£ so! jo.ixso® | 0.2 0.2 0.3 0.2 0.2 0.3 
L 2 |10 26 260—sd18 22.5 22.5 17.2 
c m/s | 10% oe 644 bt 5.4 5.5 4.9 
na - - 0.8 0.8 0.7 0.7 0.7 0.6 
ly Bio, 2 | 100 10.3 11.6 5.6 8.5 5.9 2.5 
ly a |10 18.3 18.7 13.4 21.3 15.4 10.0 
a. 2 10 0.6 0.6 0.4 0.4 0.35 0.25 
t, s | 10% 3.2 3.5 2.9 | 3.9 2.8 2.0 
D, 3/m | 1000 16000 9000 3000 12000 10000 5000 
E, J/kg | 10 1.5 0.8 0.6 14 1.7 1.9 
’ s {10% 3.9 $6 4&2 | 1.9 25 0.9 
E,; | J/me|100x10" | 40000 38000 9000 | 19000 17000 7000 
a - - 0.2 O.1 O01 0.2 0.2 0.3 
a/3y a |10 ie 4a 6.0 ° a? aa 
Di 3/a* | 100 900 500 200 600 600 500 
“a 3/a* | 100 6900 7100 1800 3500 3000 1400 
° J/m3s | 108 400 100 100 400 600 900 
+o s/a?s | 108 3000 2000 1100 2600 3000 2700 
re ss 
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height, assuming a diamond-shaped volume occupied by the bore as a 
function of time (see Figures V.12 to V.18). The parameter hy has also 
been determined from pictures of the bore, after the initial breaking 
point. These pictures are shown in Figures VI.7b, VI.8b and VI.9b. The 
parameter h, then was calculated from (hj-H,). Finally t, was calculated 
from the halflife of turbulent kinetic energy according to Equation 
(v.15). 


The results of the Delta Flume experiments are gathered in Table VI.2, 
right hand side. On the left hand side the results of the Oil-Flume ex- 
periments are presented, scaled up to Delta Flume values. The scaling 


factors used are given as well. 


The data in Table VI.2 demonstrate that the measured wave parameters T_, 
H, L, and c were up to 25 percent smaller than the scaled Oil Flume 
values. Differences in the bore covered length 1, were within the same 
range for wave 3 and 5, while 1, of wave 2 was larger than the Oil Flume 
value. The measured bore heights h, were smaller than the Oil Flume 
values by 35% to 55%. Because water depth and wave train characteristics 
were scaled rather well, it is probable that Danse was estimated too low. 
Errors in 1, and Dore also lead to errors in the bore volume 1, a 
and the characteristic time scale ty, and eventually to errors in Die and 


The measured energy dissipation per unit width, D,, decreases from wave 2 
to wave 5. The absolute values are in good agreement with the scaled Oil 
Flume values. The values for Due are in the same order of magnitude as the 
scaled Oil Flume values, but the decreasing tendency from wave 2 to 5 is 
absent. The values of e are not in good agreement with the scaled 
Oil Flume values. The lack of similarity between the values of Dee and e 
for the Delta Flume and the Oil Flume are presumably due to inaccuracies 
in the measured bore characteristics ly and Dore?’ leading to errors in t. 


as well. The presented data must be considered as order of magnitude 
estimates. 
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Table VI.3 Measured data of Delta Flume experiments on oil dispersion 


Experiment number Fl F2 F3 F4 FS 
Type of oil PB, PB, Eko PB, Eko 
Applied wave 5 2 2 3 5 

D,, (J/m*) 200 900 900 | s00 | 200 
Soy 0.25 | 0.25 | 0.35 | 0.25 | 0.35 
Qo (ke) at 0.267 | 0.387 | 1.08 | 0.468 | 0.710 
Q (1079 kg/m’) / t, = 4.93 7.73 21.7 | 9.36 | 14.2 
Dispersed oil/ | 8 min 

surface oil (2) 0.50 0.77 * ® 0.94 1.4 
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The calculated parameter values from the hydraulic jump analog are in 
reasonable agreement with the scaled Oil Flume values. En j and E,, ;/¢ for 
waves 2 and 3 are 502 smaller than the Oil Flume values, but the wave 
characteristics they were bazed upon (e.g. the wave height H,) also dif- 
fer. Comparison of measured values for the energy dissipation and cal- 
culated values using the hydraulic jump analog method, shows good overall 
resemblance, considering the inaccuracies in the measured wave charac- 
teristics, 1, and h, | in the Delta Flume. 


Values for a of about 0.2 were found, in reasonable agreement with the 
Oil Flume experiments with a= 0.15. In the hydraulic jump analog, the 
factor al/s H, is assumed to be equal tc the maximum bore height 
Deore mex), while hy.,,(mex) was approximated by h,.-.(max)= 2h. 
from measurements. The measured values for _— are smaller (see Table 
VI.2). This supports the assumption that a was estimated too low in 


the Delta Flume. 
VI.4 Presentation of the Measurements 


Table VI.3 summarizes the five experiments performed together with some 
measured data. PB, and Ekofisk oil were used in the experiments. The ap- 
plied waves were wave 2, wave 3 and wave 5 where the wave numbers refer to 
the comparable waves in the small-scale experiments. The energy dissipe- 


tion per unit area in the breaking wave D,, (see Table VI.3) is discussed 
also in Section VII. 


Sov in Table VI.3 refers to the oil covered fraction of the surface wit- 


hin the area of oil application, 10 x 5 a’, before the passage of the 
breaking wave. 


The oil droplet samples were treated in the same way as in the Oil Flume 
experiments. Photographs of the oil droplets and the N(d.) versus 4. 


graphs are given in the Figures VI.10 to VI.24. 


The measured oil concentrations in various horizontal and vertical loca- 


= 339 = 


photog raphs 
were not taken 


RUN FI PB, 
SAMPLES 1 ABC 
WAVE 5 Twe 3-4 s 
TEMPERATURE 12 °C 
OIL LAYER 1.0 mm 


WATERDEPTH 4.3 m 
FULL-SCALE EXPERIMENT 


3 
7 


———# NUMBER OF DROPLETS (per titre) 
re) 
hee 


'7 ”* i i i 


2 & 12 2%. $0 100. 200 400 800 1600 


——@& OROPLET SIZE 4.(um) 
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FIG. WI.15 Ol OROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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FIG. W1.16 OIL DROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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FIG. WI.19 OIL DROPLETS 
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FIG. WI.21 OIL OROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 
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FIG. WI.24 OlL OROPLETS DISTRIBUTION IN BREAKING WAVE EXPERIMENTS. 


- 354 - 


tions in the dispersed oil clouds, at t, = 15 minutes after the passages 
of the breaking waves, are given in Table VI.4 and visualized in the 
Figures VI.25 to VI.29 (See also the definition sketch in Figure VI.6b). 


Table VI.5 lists the values of the following dispersion parameters derived 


from the measured oil concentrations and droplet size distributions: 


a) 


b) 


c) 


4) 


e) 


Qor 18 the total amount of dispersed oil at 15 minutes after che 
passage of the breaking wave. Q,., was obtained from integration of 
the oil concentration over the flume volume. (The sampled flume 
section indicated in Figure VI.6b contained the entire cloud of dis~< 
persed oil droplets. It was supposed that the concentrations were 
homogeneous over the width of the flume. Therefore, the integration 
was conducted in fact by summation of all measured concentrations 
multiplied with the relevant surrounding volumes). 

The ratio between Qeot and the original volume of the surface slick 
gives an indication of the low fraction of dispersed oil (at t, = 15 
minutes). 

Qeot (n?, S.oy * 1) is the volume of dispersed oil per unit surface 
area that should be found in the experiments if the surface was conm- 
pletely covered. with oil. This parameter is useful in the final para- 


meterization of oil entrainment. 


‘The maximum droplet size dex found at t. * 15 minutes was 4, ° 


500 wm for PB oil and d. = 350 ym for Ekofisk oil. Bigger droplets 
were resurfaced. These values were defined partly from the measured 
droplet size distribution and partly from the requirement that the 
ratio between d... for PB and d... for Ekofisk should be about 1.3 due 
to the buoyancy difference of these types of oil. 

The intrusion depth z, was derived from the oil concentration measure- 
ments, C,(2), at various depths and from the droplet size distri- 
butions at various depths. Zz, was taken as the depth where C,(2,) was 
almost zero and where the number of droplets N(d.) for small values of 
d, is considerably lower than at locations closer to the surface. 
(Note that C.(z) always increases with decreasing z due to resurfacing 
of large droplets, while N(d.) for small droplets is almost homoge- 


neous over the depth of intrusion. 
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Table VI.4 Oil concentration data, Coy att.- 15 gwinutes in the 


Delta Flume experiments (C. in g/m 


3), 
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Sample Experiment Fl Sample Experiment F2 
No. l 2 3 No. 1 3 
A 0.30 2.28 2.64 A 0.46 3.17 2.16 
B 0.00 1.09 1.12 B 1.10 2.92 1.85 
c 0.13 1.42 0.90 c 0.37 1.52 1.61 
D 0.10 0.00 0.00 D 0.37 1.06 0.83 
Sample Experiment F3 Sample Experiment F4 
No. 1 2 3 No. 1 2 3 

A 1.22 8.48 11.85 ) 2.03 5.03 6.00 
B 1.19 5.77 6.86 B 1.16 1.42 2.53 
c 0.50 3.73 5.58 c 0.45 0.65 0.40 
D 0.13 0.40 0.16 D 0.14 0.13 0.03 
Sample Experiment F5 

No. l 2 3 

A 5.97 5.51 5.28 

B 1.35 3.27 2.54 

Cc 1.09 2.11 2.00 

D 0.10 0.23 0.53 


Table VI.5 Dispersion parameters derived from measurements 


parameter 


(values at t, = 15 minutes) 


Q 0.39 1.08 0.25 0.71 0.47 


Units 


tot (mass of dispersed oil) kg 


Qe oe /surface oil mass 


Qe oe /m” (Qs ot per unit 
surface area) 


percent 


g/n* 


experiment no., oil type, wave 


F2(PB)) F3(Eko)|F1(PBy) F5(Eko) 


wave 2 


0.25 


30.8 


500 


3.5 


21.7 


0.35 


62.0 


350 


wave 5 


0.50 


4.9 


0.25 


19.6 


500 


2.0 


14.2 


0.35 


40.6 


350 


F4(PBo) 


wave 3 


9.4 


0.25 
37.4 
500 


2.0 
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VI.5 Results and Conclusions 


The series of Delta Flume experiments is too restricted to draw conclu- 
sions on its own about the influence of oil type and wave period on the 
dispersion of oil. The large scale experiments are combined in Section VII 
with the more comprehensive measurements in the grid column and Oil Flume 
to conclude whether or not the results of these experiments are in agree- 


ment and can lead to full scale conclusions. 


In any case it was evident from the N(d,) versus 4d, graphs in 
Figures VI.10 to VI.24 that the droplet size distributions look similar 
and the maximum droplet sizes observed were equal with the small-scale Oil 


Flume experiments. 
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FIGURE WI. 25 Experiment Fl. Measured oil concentrations in the disper- 


sed oil cloud at t.= 15 minutes after the breaking wave 
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sed oil cloud at t.= 15 minutes after the breaking wave 
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FIGURE WI. 27 Experiment F3. Measured oil concentrations in the disper- 
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sed oil cloud at t= 15 minutes after the breaking wave 
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sed oil cloud at t,= 15 minutes after the breaking wave 
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VII. INTEGRATION OF THE OIL DISPERSION EXPERIMENTS 


Oil droplet break-up experiments in three different laboratory facilities 
were treated in the Sections III, V and VI. A short survey of the separate 
conclusions drawn from these experiments is given in Section VII.1. The 
Sections VII.2 to VII.6 contain the integration of the dispersion experi- 
ments leading to the final description of the dispersion of oil. 


VII.1 Review of the Oil Dispersion Experiments 


The following experiments on oil droplet break-up were discussed before: 


The measurements led to the following empirical relation between the 
oil droplet size, the oil viscosity Yo , and the turbulent level ex- 
pressed by the energy dissipation rate e (J/s m>): 


- 0.34 -0.50 
dco c,v e 


1“o (VII. la) 
0.34 -0.50 
— CoV, ry (VII.ib) 


This relation was valid in conditions with turbulence levels large 
enough so that the droplet break-up due to shear from the terminal ve- 
locity could be neglected. The proportionality constants c, and Cy in 
Equation (VII.1) depend on the duration of the turbulence. The droplet 
sizes decreased with continuing turbulence until a steady state was 
obtained after about five minutes. Clearly the time to obtain a steady 
state is considerably longer than the duration of breaking-wave tur- 
bulence. 

The steady state droplet size distributions arising from the break-up 
of submerged oil lumps and the break-up of surface films were found to 
be equal. 


The effect of different types of oil, different weathering states and 


© 365 - 


b) 


different temperatures on the droplet size appeared to be expressed 
sufficiently by the viscosity in Equation (VII.1), within the range of 
applied parameters. 


The measurements consisted of the determination of the oil concen- 
tration C, and the oil droplet size distribution d.(f) as a function 
of the depth below the water surface, z, and the time te after the 
breaking-wave event. d(£) was measured over a wide range, from d, = 
3 wpm to the size of the biggest droplets, on the order of magnitude of 
1000 um. The main results were: 
bl) the oil entrainment Q (per unit surface area per breaking wave 
event) increased with increasing breaking wave energy. (See, for 
instance, Figures V.24 and V.85) 
b2) the entrainment for different types of oil and weathering states 
is given on a relative scale by: 
Q(PBo) : QCPBi9) :Q(Eko) = 1 : 0.6: 2.2 
b3) all measured droplet size distributions fulfilled the relation: 


N(4,) ~ 4,72°3 (VII.2) 
where N..(d,) = number of droplets in a (small) unit size interval 
4d around the droplet size d, (e.g., interval 
dy - had, tod, + had, with Ad independent of d,). 
Equation (VII.2) appeared independent of the oil type, weathering 
state, breaking-wave energy, temperature and oil layer thickness, 
as far as these parameters were varied in the experiments. 
b4) the maximum droplet size dnax observed in an experiment was de- 
pendent on the time ta after the breaking event, apparently due 
to resurfacing of droplets. (Besides t.,» the resurfacing process 
depends on the oil-water density difference, the intrusion depth, 
and the vertical diffusion coefficient). No evidence was obtained 


for dnax dependency on oil type and weathering state. 
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bS5) the entrainment Q was independent of the oil film thickness, h 
within the applied range h, = 0.2 to 1.2 m. 


b6) no firm conclusions could yet be drawn about the effect of ten- 


o’ 


perature on the oil entrainment. 


b7) the intrusion depth z, of oil droplets due to the breaking wave 
is expressed by: 


z, = 1.5 (+ 0.25) Hy, (VII.3a) 
and 


z, = 3.1 (+ 0.7) boo, (VII. 3b) 


with H, = height of breaking wave 
Riore * maximum bore height of breaking wave 


A limited series of small-scale Oil Flume experiments was scaled up to 
"full scale" to check the validity of conclusions and extrapolations 
obtained from the experiments in the small flume and from experiments 
in the grid column. Conclusions from the full-scale experiments in the 
Delta flume must be related to the other oil break-up experiments and 


are discussed in the following sections. 


VII.2 Oil Droplet Size Distribution 


VII.2.1 Relative size distribution 


All droplet size distributions in the small-scale Oil Flume experiments 
fulfilled the Equation (VII.2), N,(4,) ~ 4,~2°7, independent of the ap- 
plied oil type, weathering state, breaking-wave energy, temperature and 
oil layer thickness. This relation is confirmed by the five experiments in 
the large-scale Delta Flume where three different breaking waves and two 
types of oil were applied. Therefore, it is concluded that Equation 
(VII.2) was valid for the breaking-wave induced break-up of a surface oil 


slick in all conditions. 
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Almost all experiments in the grid column were carried out with droplet 
size distribution measurements by the LBPS which was capable of measure- 
ments in only a limited size range, 50 wm < . € 1000 um. A few tests 
were performed with the microscope-fluorescence apparatus, confirming the 
droplet size distribution according to Equation (VII.2) over the more 
extensive rize range from d, = 3 um (limit of routine measurement) to the 
biggest droplets present, d.., * 1000 yun. Apparently, the validity of 
Equation (VII.2) can be extended to the break-up of submerged oil parcels 
in a turbulent field. 


The droplet distribution according to Equation VII.2 is compared with the 
droplet size distribution measurements in a wind-wave flume by Bouwmeester 
and Wallace (1986) (See Section II.2 and Figure II.5). The N, -~ _— 
curves were incorporated in Figure II.5 for d, ¢ 250 pm and on a 
arbitrary N. level. The curves with N.d. = constant in the figures were 
suggested by Bouwmeester et al. as the droplet size distribution close to 
the water surface. The Ni. - a,“s-s curves are considerably different from 
the curves suggested by Bouwmeester et al., but the large spread in their 
measurements makes it difficult to judge the best correspondence of the 


curves with the measured data. 


It is concluded from the grid column, Oil Flume and Delta Flume experi- 

ments that the oil droplet size distribution in a turbulent field is des- 

cribed by Equation (VII.2). The equation was valid for: 

a) different types of turbulence structure (due to breaking waves or 
other turbulence sources), 

b) break-up of surface oil films as wel! as break-up of submerged oil 
parcels, 


c) different types of oil and weathering states. 


The equation is valid for droplet sizes from at least é, ° 3 pm (limit of 
routine measurements) to the maximum droplet size present, qnax’ The total 
volume Veot for a droplet size distribution according to Equation (VII.2) 
can be expressed by: 
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Veor = 1-45 vid...) (VII.4) 


where: V(d_._) is the volume of oil in the size range id, to 4,..- 
Veot is the volume of oil droplets in the size range from d. = 0 


to d, = d.,,, with the assumption that Equation (VII.2) is valid 
for droplets down to dy = 0. 


VII.2.2 Maximum oil droplet size 


The value of the maximum droplet size 4... was measured in the grid column 
and in the flume experiments. 


Grid column experiments with submerged oil 


An important difference between the (deep) grid column and the (shallow) 
flume experiments is that in the former facility all oil droplets formed 
were taken into account in the droplet size distribution because surfacing 
of big droplets could generally be neglected. This means that all oil 
introduced in the column was included in d.(f). In the flume experiments 
only a small portion of the orginally introduced oil film was still in 
suspension at the time of measurement, t., while this portion is also 


dependent on t,, due to resurfacing. 


Equation VII.l1b and Equation VII.2 describe the oil droplets in the grid 
column experiments in different turbulent conditions. The droplet sizes 
were smaller in experiments with higher energy dissipation rate e, but the 


total volume of oil was the same. Consequently, d decreased, as indi- 


max 
cated also by Equation (VII.1b). d... was also dependent on the duration 
of turbulence. Measurements with turbulence durations from t. © 5 s to 
t, = 600 s indicated that steady state values of duax im high-turbulent 


conditions were obtained within five minutes. 


Figure VII.ila shows schematically N(d.) versus d. curves for grid column 
conditions with turbulence level e(H) (curve indicated by H) and turtu- 
lence level e(L) (indicated by L). (Im Figure VII.la e(H)/e(L) = 4, 
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FIGURE YI .1 Schematic representation of oil droplet size distribution in 
relatively high (H) and low (L) turbulent ambience 
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leading to 4...(H)/d,,.(L) = 2. The curves fulfil Equation VII.2). The 
relative w(d..) values are taken in such way that the total volume of oil 
in an experiment, V..., is equal for both curves. This means that the 
number of droplets in a size range, N(d.), in the grid column experiments 
is related to the energy dissipation rate e according to N(d.) - Veot/4o” 
with d. - e?-5 and V.., = constant. Therefore 


Nw (4,) - ef 9 (vII.5) 


Flume experiments with surface oil fila 


In experiments with breaking waves, the entrained oil is generally only a 
small fraction of the total oil mass in the surface slick. Or, to put it 
in another way, all surface oil is submerged by the breaking wave, but the 
oil lumps and big oil droplets resurface almost immediately after the 
breaking event. The small-scale and large-scale flume experiments showed a 
decreasing 4G ax with increasing time te after the passage of the breaking 
wave. di. appeared equal for smali-scale and large-scale experiments if 
proper scaling of the resurfacing phenomena was employed (i.e., the length 
scaling factor n, = 10 means that the intrusion depth ratio equals 10 and 
therefore, the time of measurement t.. ratio equals 10 with respect to the 
resurfacing of droplets of the same size in both experiments). Finally, 
equal values for Giox vere observed for experiments with different 
breaking wave conditions, except the differences that could be explained 
form different resurfacing (¢e.g., different intrusion depths due to the 
breaking waves). 


It is concluded from the O11 Flume and Delta Flume experiments on the 
break-up cf oil surface slicks by breaking waves that the maximum droplet 
size a found in the water mass for one type of oil, was independent of 
the break-up processes of the turbulent field, but was rather dependent on 
resurfacing parameters (e.g., intrusion depth z,, terminal velocity of the 
oll parcels W, diffusion coefficient c. and time after the breaking wave 


event t.; see also the diffusion equation 2.1). 
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Table VII.1 Empirical depth of initial intrusion z; (m) 


Parameter small scale large scale 


wave 2 wave 3 wave 5 wave 7/| wave 2 wave 3 wave 5 


Hy 0.23 0.26 0.15 0.10 | 1.90 1. 


(=2 h yf 0.12 0.12 0.08 0.04 0.80 0. 


Zs 0.40 0.325 0.20 0.15 3.50 2. 


2, /Hy, 1.74 1.35 1.33 1.50 | 1.86 4. 


z,/H, ; + 1.48 + —_ ji. 

Zi/Dpore 3.33 2.70 2.50 3.75 4.38 Be 
av. Z ‘ 

2 / DL ore + 3.07 + ——_ 3, 
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It seemed plausible to assume that the number of droplets in a size inter- 
val, N(d.), due to oil break-up in a breaking wave turbulence field, is 
dependent on the turbulence level in a similar way as found in the grid 
column investigation with homogeneous turbulence conditions. Therefore, 
the following assumption was made: 
N(d.) ~ *** 

where e, is a characteristic energy of the breaking wave. This charac~- 
teristic energy had to be defined and was indeed found as discussed in 
Section VII.3. 


The schematic relations between N(d.) and d, intervals are shown in Figure 
VII.1b for a relatively high-energy breaking wave (H) and a relatively 
low-energy breaking wave (L). The examples concern a characteristic energy 
ratio e,(H)/e,(L) = 4, whatever this characteristic energy may be. The 
values of duax *re equal for both breaking-wave conditions. The portions 
of the N(d,) - d, curves for large droplets may deviate from the straight 
lines in Figure VII.1b, due to resurfacing of large droplets in the course 
of time. This was clearly shown in the Oil Flume measurements, Section V, 
and the Delta Flume experiments, Section VI. The resurfacing of large 
droplets depends, among other things, on the intrusion depth Zs of the oil 


droplets and, therefore, on the breaking wave characteristics. 


VII.3 Oil Droplet Intrusion Depth 


The measured values of the intrusion depth Zs for different breaking waves 
in the small-scale experiments (Table V.5) and the large-scale experiments 
(Table VI.5) are surveyed in Table VII.1 together with the measured values 
of the breaking wave height H, and the maximum bore height of the breaking 


wave Dore’ The ratios z,/H, and Z:/Dpore are also given. 


The small-scale and large-scale experiments are in good agreement as 


regards the linear relationship between z; and H,, and z; and hie: 


Small-scale experiments: 


z,* 1.5 Hy 


z,* 3.1 Riore 
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Large-scale experiments: 


Zi * 1.5 H, 
| * 3.75 Dhore 


Averaging of the coefficients result in the general intrusion depth 


equation: 
z, = 1.5 H, (VII 6a) 
z,° 3.4 Bhore (VII 6b) 


Equation VII.6a is in good agreement with laboratory measurements of 


Nilsen et sl. °1985) resulting in an intrusion depth of 1.5 H, to 2.0 H,. 


VII.4 Entrainment of Oii 


One of the goals of the oil dispersion experiments was to relate the en- 
trainment of surface oil to breaking wave characteristics. Indeed, the en- 
trainment Q appeared strongly dependent on the energy dissipation of the 


breaking wave, with increasing Q for increasing breaking-wave energy. 


Initially, the energy dissipation rate per volume, e (J/s m°), was assumed 
to play an important role in the break-up of oil slicks. This parameter 
was varied in the homogeneous turbulence conditions of the grid column 
experiments. Equation VII.1 gives the relation between the average droplet 
size d<, and e in the turbulent field. Entrainment was not studied in the 
grid column experiments because the oil was almost always introduced below 


the water surface in the column. 


The value e in the generated turbulence field was calculated from measured 
data for all applied breaking waves in the Oil Flume as well as in the 
Delta Flume. However, the data did not indicate a clear relationship 
between e and the total amount of dissipated energy (per unit width) Dd, 
(J/s m), possibly because energy dissipited by different breaking waves 
could be spread over different lengths (i.e., wave-breaking over different 


distances), over different depths (i.e., different intrusion of the 
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turbulence field in the water mass), and the generated local turbulence 
could persist over different times. The empirical values of the entrain- 
ment Q for different breaking waves could not be related to the energy 


dissipation rate e. 


The proper relation between Q and characteristic breaking-wave energy 

parameters could be obtained from the following considerations: 

a) The grid column experiments demonstrated a decreasing droplet size 
with increasing turbulence energy dissipation rate per volume, eé 
(J/s m), and with increasing turbulence duration, terid’ The time 


dependence occurred in any case for short times with t..i4 < 300 s. 


Therefore, it was not unreasonable to suppose that in tanta energy 
dissipation per unit volume (3/m*) was the important parameter for 
short-duration turbulent conditions, rather than the energy dissi- 
pation per unit volume per unit time, e (J/s m?) in the grid column 
experiments. 

b) It is plausible to assume that similar processes are responsible for 
both increasing oil entrainment with increasing breaking-wave energy 
in the flume experiments, and the decreasing droplet sizes with in- 
creasing turbulent energy in the grid column experiments. Therefore, 
the oil entrainment due to a (short-duration) breaking wave could be 
related to the energy dissipation rather than to the energy dissi- 
pation rate. 

c) Evidently, the break-up of submerged oil in the grid column experi- 
ments had to be related to the energy dissipation or the energy dissi- 


pation rate per volume. This does not mean that the break-up of a 


surface oil film by a breaking wave is also related to an energy level 
per unit volume, but it might very well be that an energy level per 
unit surface area was the important parameter because all dissipated 
breaking-wave energy passed through the oil surface film and hit the 


oill before spreading over a certain depth. 


The relation bétween the entrainment Q and a characteristic energy para- 
meter was fond from the preceding considerations together with the fol- 
lowing gross measured data: 


a) relative oil entrainment data for PBy oil and Ekofisk oil 
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a) 


b) 


c) 


d) 


relative oil entrainment data for PBo oil and Ekofisk oil 


- gmall-scale Oil Flume experiments with the waves 2, 3, 5 and 7: 
Q(PBy) : Q(Eko) = 1 : 2.2 (See the Figures V.85 and V.86a). 


- large scale Delta Flume experiments with wave 2 and wave 5: 
Q(PBo) : Q(Eko) = 1: 3 (See Tables VI.3 and VI.5) 


surface-covered fraction: 


- Oil Flume: 
- Delta Flume: 


(PBo) = S.oy(Eko) = 1 


(PBy) = 0.25, S..,(Eko) = 0.35 


Scov 


Scov 


entrainment with different waves: 
- Delta Flume, see Tables VI.3 and VI.5. 
Experiments with PBo oil resulted in the ratios 


Q(wave 2) : Q(wave 3) : Q(wave 5) = 1.6: 1.9: 1 


Experiments with Ekofisk oil resulted in the ratio 


Q(wave 2) : Q(wave 5) = 1.5: 1 


- Oil Flume, see Figures V.24 and v.25" 
Experiments with PB and Ekofisk oil resulted in the ratios: 


Q(wave 2) : Q(wave 3) : Q(wave 5) = 2.3: 1.8: 1 


oil layer thickness h,. Oil Flume experiments resulted in the con- 


clusion that the entrainment Q is independent of h.- 


Note: 


The Q(PB)/Q(Eko) ratios from Delta Flume and Oil Flume experi- 
ments must be regarded relative to the surface coverage 


fraction Seo in the various experiments, and the conclusion 


v 
that Q is independent of h,- Q's independence from h, means 


that Q is linearly proportional to § Therefore, the 


cov" 
Q(PB,)/Q(Eko) ratio in the Delta Flume (1:3) changes to 1 : 2.1 


if the ratio is normalized to equal values of Sco This ratio 


y’ 
must be compared with the Oil Flume ratio, see Section a, where 


S.ey * 1 for all experiments. 


The Figures V.24 and V.25 deal with the oil concentration in the dis- 
persed oil cloud. Besides boundary effects at the beginning and end 
(in longtudinal direction in the flume) of the cloud, the depth-aver- 


aged oil concentrations are linearly related with Q rather than tot: 


- 376 = 


e) Entrainment at small scale and large scale. Similar (scaled) experi- 
ments were performed in the Oil Flume and in the Delta Flume with 
application of wave 2 and wave 5, and with Prudhoe Bay oil and Ekofisk 
oil. Delta flume values of Q are given in Table VI.5, and in 
principle, Oil Flume data of Q can be derived from the depth-averaged 
concentration data in the Figures V.24 and V.25. The comparison 
between the Oil Flume data and Delta Flume data of these values of Q 
is hampered by the fact that Q is strongly dependent on time (to) as 
discussed before in Section V.5. The time-dependence is caused by the 
resurfacing of big droplets in the course of time, and can be observed 
by comparing Figure V.24, t, = 40s, with Figure V.25, t, = 240 s. (C, 
versus time ta is also shown in Figure II.2a from comparable previous 
experiments in the Oil Flume). The comparison of the time-dependent 
values of Q in the two flumes requires the consideration of the time 
scaling factor. This scaling factor is probably Mh, * 10 because the 
surfacing time of similar droplets is ten times longer if the 
intrusion depth in the Delta Flume is ten times greater, as it is. 
Consequently, the concentration measurements in the Delta Flume, at 
t. = 15 minutes, must be compared with concentration measurements at 
t. = 1.5 minutes in the Oil Flume. This could be performed by inter- 
polation of the data in Figure V.24 (t, = 40s) and Figure V.25 


(t,, = 240 s), making use of C, versus t,, curves as in Figure II.2a. 


A different method of comparing the entrainment in the flumes 


eliminates the uncertain time-dependent resurfacing process, and 
eliminates as well the differences in resurfacing due to the applica- 
tion of salt water in the Oil Flume and fresh water in the Delta 
Flume. This method compares the values of N(d,) for small droplet size 
classes where resurfacing is negligible. (See also Section V.5). The 
latter method was applied and resulted in the following ratio of the 
measured entrainment Qn for Oil Flume and Delta Flume, averaged over 
the four comparable experiments (PBo + wave 2, PBy + wave 5, Ekofisk + 
wave 2, and Ekofisk + wave 5). It is noted that the average ratio 
obtained with the former method described appeared in reasonable 


agreement with this value: 
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Sn Sn 


3 60il Flume) : —— (Delta Flume) = 1: 17 
cov cov 


If the entrainment Q is normalized to conditions with S.cy * 1, then 


the following ratio is found: 
Q (Oil Flume) : Q (Delta Flume) = 1: 17 


The consideration of the oil entrainment values, Q, in various breaking 
wave conditions and the related energy parameters resulted in a firm 
empirical relation between the entrainment Q and the dissipated breaking- 


wave energy per unit surface area D,. (3/m*). D., was derived from the 


a 
measured integrated power spectrum or from the hydraulic jump analog. The 


values of Dia in the relevant conditions are (see Table V.2): 


D,_(Oil Flume, wave 2)= 9 3/m? 


Dy, (Oil Flume, wave 3) = 5 3/m* 
Dy, (Oil Flume, wave 5) = 2 3/m? measurements from 
Dy _(Oil Flume, wave 2) / D, (wave 5) = 4.5 power spectrum 


D,_(Oil Flume, wave 3) / Dy, (wave 5) = 2.5 


Dy _(Oil Flume, wave 2) / D, (wave 5) 


3.0 from hydraulic jump 
Dp (Oil Flume, wave 3) / Dy, (wave 5) 


3.5 


analog 


Dy, ,(Delta Flume, wave 2) / D, (wave 5) = 2.5 from hydraulic jump 


Dy, Delta Flume, wave 3) / Dy (wave 5) = 2.1 ' analog 


D, (Delta Flume) / D, (Oil Flume) = 60 = averaged values derived from 


hydraulic jump analog 
Dy _(Delta Flume) / D,,(Oil Flume) = 100 = theoretical value 


using scaling factors. 


Dea values obtained from the hydraulic jump analog are given only on a 
relative scale because the value of a is unknown (see Section VI.3). The 


relative Dee value were calculated by supposing equal value of a for the 


different conditions. 


- 378 - 


The Di, values obtained by different methods give an indication of the 
accuracy of the methods in relation to others. The most reliable D,. 
values were assumed to be obtained from the power spectrum for the 
Oil Flume Die and the theoretical scaling of the Oil Flume power spectrum 
data for the Delta Flume D,,. It is noted that the relative D,, values in 
the Delta Flume, obtained from the hydraulic jump analog, were very 
consistent with the scaled Oil Flume data. These “most reliable D,. data" 


are summarized in Table VII.2. 


Assume a relation between energy and oil entrainment in the flume experi- 


ments similar to the grid column experiments: 
Q ~ e,/°9 
with e, = the characteristic breaking-wave energy to be found. Trying e, = 
DY leads to the following values of the exponent C: 
C = 0.37 + 0.0lx, from Oil Flume ratio Q(wave 2) / Q(wave 5) = 2.3, 
see section c, and D,, ratio equals 4.5 
C = 0.21 + 0.0lx, from Delta Flume ratio Q(wave 2) / Q(wave 5) = 1.6, 
see section c, and D,, ratio equals 4.5 
C = 0.41 + 0.003x, from ratio Q(Deita Flume) / Q(Oil Flume) = 17, see 
section e, and Dea ratio equals 100 
C= 0.45 + 0.0lx, from (few) experiments resulting in Q(wave 3) / 


Q(wave 5) = 1.85, see section c, and Dea ratio equals 2.5. 


The four calculations of the exponent C made use of Q ratios averaged over 
the relevant experiments. A certain error of x percent in Q leads to an 
error of 2x percent in the Q ratios, and this results in the errors in C 
as given above. It is very difficult to estimate the accuracy of the Q 
values. An (assumed) error in Q of 12 percent (x=12) or more would lead to 
a consistent set of exponents C, if a consistent set means that the cal- 


culated values of C, including the errors overlap in part. 


Averaging the values of the exponent C with a weight factor according to 


the relative error results in 


C = 0.38 + 0.04 
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Table VII.2 Most reliable values of Dia ( in 3/m*) 


wave 2 wave 3 wave 
Oil Flume 9 5 2 
Delta Flume 900 500 200 
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where the error in C is not obtained from the accuracy of the measurements 
of Q, but is the minimum error that could lead t equal values of the Die 
exponent for the four sets of experiments. The di ‘ved value of C leads to 
the following Q - Due relation: 


Q ~ p,,0-57 (+ 0-06) (VII.7) 


(Note: The empirical exponent C = 0.38 can be made plausible by the fol- 
lowing description. A value C = 0 would indicate that the break-up of the 
surface slick depends on the energy dissipation per unit volume in the 
same way as the break-up of submerged oil in a turbulent field. The value 
C = 1 would indicate that the important parameter is the energy dissi- 
pation per unit surface area. A value of C with 0 < C < 1 seems plausible 
from the assumption that the first break-up of the cohers.1t surface layer 
is due to the turbulence passing through the surface area, and the 
continuing break-up of the oil parcels in the turbulence field is 


generated by the breaking wave energy in the upper water mass). 


VII.5 Speculation on the Mechan.*: of Oil Break-up 


Two empirical conclusions on the break-up of coherent oil surface slicks 

are not immediately understood: 

a) the entrainment rate is independent of the layer thickness hy 

b) the entrainment rate for Ekofisk oil is only a factor 2 larger than 
the entrainment rate of Prudhoe Bay oil, in spite of the considerably 
smaller oil droplets of Ekofisk oil in homogeneous turbulence condi- 


tions (grid column). 


A simple, intuitive picture of the break-up of a surface oil layer is 
shown in Figure VII.2. A breaking wave approaches the oil slick end sub- 
sequently water plunges down on the slick (Figure VII.2a). The oil layer 
breaks up into pieces due to the forces of the falling water (Figure 
VII.2b). Further break-up of the oil lumps and oil droplets is caused by 
the turbulence generated by the breaking wave (Figure VII.2c). The initial 


break-up (VII.2b) will depend on the oil viscosity V5? surface 
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FIGURE YI. 2 Speculation on the break-up of surface oil films. 


Fragmentation of the surface slick 
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tension o, and oil-water interfacial tension O- while smaller 
values of either V5" .. or an will lead to smaller oil parcels. The 
continuing break-up (VII.2c) will depend on .. and Cs with smaller 
droplets for smaller values of ¥, @ @_. Comparing Ekofisk oil and 
Prudhoe Bay oil, Ekofisk oil has lcewer values of 5° a4 as well aso 
The picture of Figure VII.2 would predict a break-up of Ekofisk oil into 
smaller droplets than with PB oil. 


An intuitive relation between the entrainment rate of a surface oil layer 
and the droplet size of oil droplets in a homogeneous turbulence field can 
be drawn from considering the cascade of continuing break-up of oil lumps 
from big droplets into small droplets while always fulfilling the droplet 
size distribution according to Equation (VII.2). It is assumed that the 
presence of big droplets is not restricted by a lack of oil. This was true 
for the experiments on the break-up of oil slicks »y breaking waves, where 
only a small portion of the surface slick was dispersed in the water 
column. This picture implies a relatively high entrainment rate by break- 
ing waves for a type of oil where the oil droplets would be relatively 
small (i.e., easier to break-up) in a homogeneous turbulence field (grid 
column conditions). For instance, the break-up of Ekofisk and PB oil 
slicks results in oil droplet sizes in the grid column with 4d. (Eko) 
~ 0.5 d,(PB), (see Figure VII.3a). The oil volume ratios V(d,,Eko) / 
V(d,,PB) in the smaller droplet size ranges will be equal in the grid 
column and in the flume. However, the flume curves extend to almost the 
same size for the largest droplets for both types of oil (ignoring the 
relatively small effect of faster resurfacing of Ekofisk droplets). (See 
also the comparable curves in Figure VII.la,b for different turbulent 
energies instead of different oil types). The preceding oil break-up 


picture would lead to the entrainment ratio: 
Q(Eko) / Q(PB) = { 4,(Eko) / 4,(pB) } ~? = 8 


However, the measurements show the quite different value Q(Eko) / Q(PB) 


= 2.2 . A possible explanation for this difference is given helow. 
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FIGURE WI. 3 Speculation on oil slick and drop!et break-up. 


N(d.) - d, curves in flume and grid column experiments 
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Note: It is possible to explain the empirical conclusion that Q is 


independent of the surface layer thickness, based upon the sup- 
posed break-up cascade (see also Figure VII.2). The entrainment Q 
will be independent of h. if the sizes of the largest droplets 
generated fulfil d. ~ »i/3 (e.g., doubling of the oil layer 
thickness leads to droplet sizes in the first cascade that are 
1.26 times bigger). In that case, resurfacing of the indentical 
large oil droplets in the experiments with different h., leads to 
equal values of Q. (The bigger droplets according to d,- ns 
cancel the assumed proportionality of Q with the volume of oil. 
It is not unreasonable to assume from the image in Figure VII.2 
that the initial break-up of a thick oil layer leads to bigger 
oil droplets or oil lumps than a thin oil layer). 


The break-up picture in Figure VII.2 can explain the smaller droplets of 
Ekofisk oil as compared with Prudhoe Bay oil, but cannot explain satis- 
tactorily the measured entrainment ratio. A quite different picture for 
surface oil break-up due to a breaking wave, is shown in Figure VII.4. The 
oil-water density difference Ap and the oil spreading force play a role in 
this picture, while these parameters have considerably dit. arent values 
for Ekofisk and Prudhoe Bay oil (see Table A.1): 


Ekofisk: 4p = 200 kg/m? 
Prudhoe Bay: Ap ~=* 100 “g/m” 
Ekofisk: o = 0.01 N/m 
net 
Prudhoe Bay: o = 0 
net 


in which the net surface tension force, is defined by: 


Snet’ 


Figure VII.4al shows a breaking wave approaching the edge of an oil slick. 
The oil at the edge is pushed up initially (Figure VII.4a2) and oil 
parcels are entrained by the breaking-wave eddies from the thickened slick 
edge (Figure VII.4a3). Now assume that Figure VII.4a shows the situation 
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for PB oil, and compare the situation for Ekofisk oil in Figure VII.4b. 
The initial conditions are assumed to be identical (Figures al and bl), 
but the pushing up of Ekofisk oil is less due to the counteracticn cf the 
net surface tension and the greater density difference (Figures a2 and 
b2). The breaking-wave eddy acts on a less massive edge and entrains less 
oil and smaller parcels (Figures a3 and b3). The smaller volume of the 
initially entrained Ekofisk oil offsets the relatively easy continuation 
of break-up into small droplets, and can explain the only modestly larger 
entrainment for Ekofisk oil (easy to break-up), compared with PB oil (more 
difficult to break up). 


An indication of the validity of the break-up picture in Figure VII.4 was 
obtained from observation of two similar beakers with thin Ekofisk oil and 
Prudhoe Bay oil surface films. The beakers were placed on a shaking 
machine. (See Figure VII.5). The pushing-up of surface oil into strips was 
much more evident with PB than with Ekofisk oil. Moreover, the generated 
oil droplets were indeed larger for PB oil, while the dispersed oil 
volumes appeared to be of the same order of magnitude. 


Both oil break-up pictures (Figure VII.2 and Figure VII.4) are suitable to 
explain qualitatively the independence of Q from the oil layer thickness 
h.- The picture in Figure VII.4 explains better why dispersed oil droplet 
sizes a, may be considerably bigger than the thickness of the surface 


layer h.- 


VII.6 Final Oil Entrainment Equation 
Equation (VII.7) is valid for all breaking wave experiments: 
Q - v,,°-? (VII.7) 


For practical applications, the entrainment rate per unit area, Q- 
(kg/s mn’), is more suitable to describe the dispersion of oil on a sea 
surface. The previous measurements showed the dependence of Q on the sur- 


face coverage fraction S$... (with 0 $ S ow $1). All measurements were 
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FIGURE VWI. 5 Speculation on break-up of surface oil. Observation 
in beakers. 
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performed with a single breaking wave event. Consequently, the entrainment 


rate Q- for a sea surface can be described by: 


= 0.57 
Q- ~ Dee San Vue (VII.8) 
with 
Q. = oil entrainment rate (kg/m*s) 
Seov = fraction of sea surface covered by oil 
Foc = fraction of sea surface hit by breaking waves per unit 


time (s+) 
dissipated breaking wave energy per unit surface area in 
the bore of the breaking wave (3/m*) 


g 


In literature, analytical expressions are given for Foc and Dee as a 
function of wind speed and in different ocean conditions (surf zone, 
coastal zone, deep-water zone). The Interim Report (Delvigne et al., 1986) 
surveys the current knowledge in Sections 7.3 through 7.8. 


The ultimate dispersion of oil depends on the initial intrusion of oil in 
the water mass due.to the breaking wave, the turbulent vertical diffusion 
of the droplets in the water mass and the resurfacing of oil. The measure- 
ments have shown that the initially dispersed oil contained droplets of a 
wide size range, including oil parcels that quickly return to the water 
surface. Therefore, an applicable entrainment relation must describe the 
entrainment of oil droplets per size class. The measurements led to the 
relation between the number of dispersed oil droplets in a size class and 
the size itself given in Equation (VII.2), while the volume of an oil 
droplet is proportional to a,? . Therefore, the entrainment per size class 
can be given by: 


Q.(4,) = clo) p,,°°97 s.. FL. do7*? ad (VII.9) 


where: Q,(4,) = entrainment rate per unit area for oil droplets with 
droplet sizes in an interval 4d around d, (e.g., the 
interval d, - héd to q+ had), 
Clo) = proportionality ccnstant. 
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Remarks on the validity of Equation (VII.9): 


a) 


b) 


c) 


Q-(4,) is considered to be the initially entrained volume of oil drop- 
lets (per unit area, per unit time) in a droplet size interval around 
d.- These oil droplets are spread with a homogeneous concentration 
over the intrusion depth z, due to the turbulence of the breaking 
wave. After this intrusion, the oil droplets are subjected to dif- 
fusing process in horizontal and vertical directions due to turbulence 
in the ambience (generated by wind, waves, currents, etc.) or rise to 


the water surface (resurfacing) due to the buoyancy of the droplets. 


Equation (VII.9) was derived from measurements on oil droplet sizes in 
the range from 3 pmto 1000 um. It is unknown how far Equation 
(VII.9) can be extrapolated to smaller droplet sizes, d, < 3 um, with 
the same constant C(o). In any case, the volume of oil in the small 4. 
size ranges is very small compared with the larger size ranges (if 
these larger size ranges exist). This is expressed by the equation 
V.(do) = 1.45 V(d.), where vd.) is the volume of entrained oil in the 
size range 0.5 d, to 1.0 d, and V,(d.) is the volume of oil for all 
droplets smaller than d. (In this equation, the occurrerce of droplets 
was assumed to continue to infinitely small droplets). 


In using Equation (VII.9) in mathematical models for description of 
oil dispersion, this equation can, in principle, be extrapolated to 
very large droplets. However, extrapolation to droplet sizes con- 
siderably larger than d..~ 1000 ym generally does not make sense, 
because these large droplets are not kept in the water column by the 
residual turbulence in the sea against the buoyancy. The droplets 
resurface quickly in most cases after decay of the breaking-wave tur- 
bulence. 

It is unknown how the maximum droplet size could be restricted by the 
surface layer thickness h,. It was shown that diax > h, for h, in the 
order of 0.1 to 0.5 mm, but it is unlikely that Giax MAY exceed h, by, 


say, a factor of ten. 
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d) Equation (VII.9) reflects the independence of Q. from the surface 
layer thickness h.. This was tested for layer thicknesses h. = 
0.2 to 1.2 mm in the small-scale flume. It is reasonable to suppose 
that the ho independence is so true for thicker layers, while limi- 
tations may occur for thin surface layers. As far as thin layers are 
concerned, it is evident that the amount of dispersed oil in a break- 
ing wave cannot exceed the amount of oil in the oil layer. In the case 
of very thin oil layers, the suggewtion is to use Equation (VII.9) for 
the small droplet sizes up to that value of ¢,, where the amount of 
dispersed oil for a single breaking wave equals the oil layer volume. 


e) Oil entrainment measurements were performed for Ekofisk crude oil and 
Prudhoe Bay crude oil PB, and PB), (fresh oil and weathered oil by 
evaporation for 10 days). Small-scale and large-scale measurements 


lead to the following values of the constants C(o): 


C(PB,) = 840 
C(PBi5) = 510 (VII.10) 
C(Eko) = 1800 


These C(o) values are the averaged values obtained by fitting the 
measured N(d.) values for small droplets (with negligible resurfacing) 
in the relevant Oil Flume and Delta Flume experiments with Equation 
(VII.9). Consequently the relative values of C(o) for different types 
of oil are in agreement with the averaged relative entrainment values 


for equal values of Soy Siven in Section VII.1 and VII.3. 


Application of the constants in Equation VII.9 is valid if the follo- 
wing definition of the parameters is taken into account: 


Q.(4,) =| entrained oil mass (kg) per unit area (m*) per unit 
time (s) for oil droplets in the (small) size range 
ad, - had tod, + had, 

Dae = breaking wave energy dissipation in 3/m? 

s 


ese = fraction of oil covered surface, 0 $$ $1 
cov 


= Wi - 


£) 


F = fraction of surface area covered by breaking waves per unit 
time (in s-*) 


d_,Ad = droplet sizes in metres (m). 


°’ 
Equation (VII.9) does not include the effect of temperature (T) and oil 
weathering on the entrainment rate. 

Grid column experiments on the influence of temperature and weathering 
on the droplet size gave reliable results (Section III). The mean and 
maximum droplet sizes of dispersed submerged oil fulfilled the equation 
é4.- ” oe (See Figure III.65). The influence of temperature and 
weathering (and even oil type) on d., could be described completely by 
the oil viscosity. 

Because measurements with different oil weathering states (PBo, PB, and 
PBi9) and different temperatures (16°C and 9°) in the Oil Flume, 
Section V, were less accurate, it is not feasible to draw firm con- 
clusions. Only rough indications can be given. The entrainment rate 
ratio Q.(PB,,) / Q,(PBp), averaged over three experiments with three 
different breaking waves, resulted in Q.(PB),) / Q,(PBp) = 0.6, see 
Figure V.85. The entrainment Q- measured at different temperatures 


resulted in (see Figure V.86): 


PBp: Q.(2*) : Q.(8*) : Q.C1S*) © 1: 1.8: 2.2 
Ekofisk: Q.(2*) : Q.(8*) = 1: 1.7 (VII. 11a) 


It is suggested that the influence of weathering and temperature in 
Equation (VII.9) be allowed for a viscosity-dependent value of the 
constant C(o), taking into account the following facts and sup- 
positions: 

0.98 for submerged oil (empirical fact) 

f2) different values of dcq for submerged oil break-up experiments 


f1) dso -” Yo 


lead to « surface slick break-up relation N(d,) ~ dsq- e'"> - D,. 

for the aumber of droplets with size qd. in dif- 
ferent breaking-wave (D,.) conditions. (A similar supposition was 
applied in Figures VII.la,b and VII.3a,b). 


- We 


£3) equal values of dd... are found for different temperatures and 
weathering states. (Similar supposition as applied in Figures 
VII.1b and VII.3b). 

£4) the preceding suppositions infer that Figure VII.4 is valid, with 
equal pushing-up of the oil for different temperatures and 
weathering states. This is not umreasonable because Ap and o 
change little with changing temperature and weathering. 


net 
The preceding facts and suppositions together mean that: 


Q, ~ N(d,) ~ dsg > -v 


Based on application of Equation (VII.9), the following relationship 
holds: 


Clo) - vo (VII.12) 


for .. varying by temperature or weathering. 


Calculations of the relative entrainment ratio for PB, and Ekofisk oil 
with temperatures of 2°C, 8°C and 16°C, using Equation (VII.12) and the 
viscosities in Table (III.2), result in: 


PBy : Q-(2°) : O08") : Q.C15*) © 1: 1.5: 2.3 
Ekofisk:  Q,(2*) : Q.(8*) #1: 1.2 (VII.11b) 


This is in reasonable agreement with the empirical values in Equation 
(VII.lla). 

Calculations for PB), and PB) resulted in Q.(PB,,) / Q,.(PBp) = 0.42. 
The measured value of 0.6 is in reasonable agreement with the 
calculation, but too few reliable measurements are available to con- 


clude to the proposed relationship. 


Note: The values of C(o) in Equation (VII.1) were obtained from 
measurements at 12° (Delta Flume) and 15° (Oil Flume). 


- 393 - 


VII.? Error Analysis and Applicability of Predictive Equations 


This section contains a brief discussion of the probable error in the 
predictive equations derived, and the applicability of the equations in 
ocean conditions. In many cases, only a rough indication of the probable 
error and applicability is given, because the number of parameter values 
varied and the possibility to reglicate individual experiments was too 
little to determine the statistical variability and the complete range of 
application. 


The following equations are considered: 


a) (4g) - a? (VII.2) 


This relationship was derived empirically from more than two-hundred NL 
versus d. graphs (see Figures V.31 through V.84 and Figures VI.10 
through VI.24). The exponent -2.3 is the averaged value of all graphs. 
Significant differences in this relationship did not appear for mea- 
surements with different oil types and weathering states, different 
breaking waves, water temperatures, layer thicknesses, and measurements 
in the small and large flume. Therefore, Equation (VII.2) can be ap- 
plied with high confidence in predictive models of oil behaviour in the 
ocean in all circumstances. 

The spread of the exponent value in the measured graphs is given by 
2.3 + 1.0. Assuming that the N. - d. relationship is identical in all 
conditions, than the statistical error in the averaged value leads to 
the follow‘ng relationship with probable error: 


-2.3 (+ 0.06) 
N (d.) - qd. (VII.2a) 


b) z° 1.5 H, (VII.3) 


The relationship is in good agreement with other measurements in 
literature (see Section 7.3). 
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c) 


d) 


Table VII.1 shows the z, versus H, data from experiments in the small 
flume, and the averaged value over four experiments with different 
breaking waves: 


z, = (1.48 + 0.25) H, (small flume) 
Three experiments with different waves in the large flume leads to: 


z, = (1.46 + 0.40) H, (large flume) 


Apparently, the following relationship is valid over a wide range of 
breaking waves and can be applied in ocean conditions: 


z, = (1.50 + 0.35) B, (VII. 3a) 


0.57 (+ 0.06 
Q~ Dy ' (vII.7) 


The probable error in this relationship was already discussed in 
Section VII.4. 

Equation (VII.7) was valid for experiments in the small flume, with 
wave height of about 0.2 m, as well as in the large flume with wave 
heights in the order of 2 m. Therefore, the relationship can be applied 
with reasonable confidence for the description of oil behaviour in 
ocean conditions. (In principe, a deviation could occur due to the 
different generation of breaking waves in the flume and in the ocean, 
in the former case by irregular waves from a waveboard, and wind- 
generated waves breaking in deep water or on a shallow sloping bottom 
in the latter case). 


0.57 0.7 
Q.(4) Clo) Doe am To qd, Ad (VII.9) 
0.57 
The Q- Die relationship is described in paragraph c. The linear 
relationship between Q and Sov’ and between Q and Foc is evident. The 
0.7 6.7 


relationship Q - qd. is composei from Q - qd. is composed from 
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2) 


Q- — a> where the — proportionality is described in para- 
greph a, and Q- a deals with the volume of an oil droplet. 
Equation (VII.9) describes the entrainment of oil droplets in a (in 
principle infinetely) small droplet size range around the size d,- The 
total amount of oil om a large interval q, ; ¢, is found by integration 
of Equation (VII.9) leading to 

0.57 1 1.7 1.7 
Q.(¢, + d,) = Clo) De. aioe Ron! 7? (¢, qd, ) (VII.9a) 
C(Eko) = 1800 
C(PBy) = 840 (VII.10) 


C(PBi9) = 510 


The Clo) coefficients in Equation (VII.9) were derived by fitting the 
measured N(d.) values for small droplets (with negligible resurfacing) 
in the relevant experiments with Equation (VII.9) (See Section VII.6). 
The spread in the measured N(d.) values is large due to the inhomo- 
geneous distribution of the oil concentration in the dispersed oil 
cloud (see, e.g., Figure V.19). If the values of C(o) were derived by 
averaging the N(d.) values within the particular experiments (i.e., 
averaging over the samples 2A, 2B, 2C, 3A, 3B and 3C), than the spread 
of the C(o) values for different experiments (with different breaking 
waves) with the same type of oil is about 50 percent. Four experiments 
were performed with Ekofisk and PB, oil (with waves 2, 3, 5 and 7) and 
three experiments with PB,,. (waves 2, 3 and 5) in the small flume. This 
means that the error in C(o) is of the order of 25 percent. 

The coefficients for Ekofisk, PB, and PB), oil in Equation (VII.10) did 
not lead to an obvious relationship between C(o) and any characteristic 
oil parameter (e.g., viscosity, surface tension, interfacial tension). 
This means that the coefficients in Equation (VII.10) can be used with 
confidence in predictive modeis only for the indicated types of oil and 
weathering states. Other types of oil and weathering states (e.g., 
emulsified oil) need the empirical derivation of C(o) from experiments 
with this particular type of oil, or possibly, an extensive series of 
experiments with different types of oil and weathering states may 
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ft) 


result in a relationship between C(o) and characteristic oil parameters 
that can be used for the prediction of Clo) for other cases. 


0.34 -0.50 
-v e 


so’ “sex a (VII.1) 


The relationship ¢. - oe for submerged oil was derived from the 
empirical data shown in Figure III.65 (see also Figure ES.ls). The 
spread of the data indicates an error given by: 


4 =< y 0-34 (¢ 0.05) 


50’ max ° (VII. la) 


The measurements suggest that Equation (VII.la) is valid for all types 
of oil, weathering states and different temperatures, if the oil vis- 
cosity *. is within the range from 8 to 220 cSt. Probably, Equation 
(VII.la) can be extrapolated with some confidence to higher viscosities 
as long as the oil shows a newtonian behaviour. The relationship has 
little or no significance for non-newtonian oil types, as can be seen 
from the measurements on emulsified PB oil in Figure III.65, and the 
viscosity curve of PB... in Figure A.27. 

The relationship d. - oes for submerged oil was derived from data 
given in the Figures III.60, III.61 and III.64. (See also Figure 
ES.1b). The spread cf the data indicates the following probable error: 

50° —_ ~ @ -0.59 (+ 0.1) (VII. 1b) 
Equation (VII.1) is supported by experiments in high-turbulence 
ambience with e 2 100 J/m’s, and can be applied in predictive models 
for ocean conditions with the same lower limit of the turbulence level. 
The relationship in Equation (VII.1b) appeared independent of oil type, 
weathering state and temperature, and is probably valid for emulsified 
Prudhoe Bay oil as well, as shown in the experimental data in Figure 
III. 64. 

The break-up of submerged oil in low-turbulence water (e $ 100 in? s) 

leads to smaller droplets than indicated by Equation (ViI.1b), possibly 
because of the additional break-up of droplets due to the terminal 
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velocity. xzhis tendency is shown in the measurements (Figures III.60, 
III.61 and ES.1lb), but stationary-state measurements could not be per- 
formed because of the high rising velocities of the large oil droplets 
and the limited depth of the grid column. Reference is made to the 
literature as concerns the splitting cf droplets in stagnant (non-tur- 


bulent) water due to the rising velocity (See the Interim Report, 
Delvigne et al. 1986, Section 4.7). 


VII.8 Con«u:lusions 


- The following empirical relations were found for the dispersion of oil due 


to breaking waves or other turbulence sources in the seawater: 


a) Break-up of submerged oil in the grid column, as well as break-up of 
surfaces oil slick in the small-scale Cil Flume and large-scale Delta 


flume demonstrate a general droplet size distribution given by: 
- 4 7403 
N(4,) - 4, (VII.2) 


where N.(d.) = number of droplets in a (small) droplet size interval 
Ad around d. (e.g., interval d, 4 Ad to d, + & Ad). 
Equation (VII.2) is valid for oil droplets with d. < doax° 


bl) In principle, d.ax “depends on the turbulence level and on oil~-surfa- 
cing parameters. In deep water and high-turbulence conditions (simu- 
lated in many-grid column experiments), surfacing is ignored and dex 
is described by: 


6. * e?-5 (submerged 011) (VII.1) 
with e = turbulent energy dissipation rate per unit volume (J/s m°). 
Gex depends also on the turbulence duration. Giuex “ecreases with 


increasing time, while a steady state droplet size distribution is 
obtained within five minutes. 
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b2) In cases of surface oil dispersion due to breaking waves (Oil Flume 


c) 


d) 


e) 


and Delta Flume experiments), d.., depends on the following oil-sur- 
facing parameters: 

- Ap = oil-water density difference, 

.= & ¢ time after passage of a breaking wave, 

. * intrusion depth due to wave breaking, 

In field conditions, dex depends on the residual vertical diffusion 
coefficient c. after decay of the breaking wave turbulence. Large 
droplets cannot be kept in the water column against the buoyancy and 


they resurface. 


Oil entrainment by breaking waves is related to a characteristic 
breaking-wave energy by: 


Q- a* (VII.7) 
where Q = entrained oil mass per unit area per breaking event 
(kg/m*) 


Dis = breaking-wave energy dissipation per unit area (3/m*). 


Oil entrainment by breaking waves is independant of the oil surface 
layer thickuess ho, within the experimentally applied h, range 
0.2 <¢ b, < 1.5 mm. 


The oil entrainment rate per size class Q.(d.) is empirically des- 
cribed by: 


Q.(4,) = Clo) D,,°°7 so. Fy. 4,7" Ad (VII.9) 


with 


Q.(4,) = mass of entrained oil droplets per unit surface area 
per unit time, for droplets in the (small) size 
interval 4d around d,, (interval d, - ‘had to d, 
+ had). (Q, in kg/m’s), 


S cov = fraction of sea surface covered by oil, 
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F = fruction of sea surface hit by breaking waves (white- 
caps) per unit time (s*), 
Clo) = proportionality constant, variable for different oil 
types, weethering states and temperatures. 
Empirical values of C(o) ore given in the Equations VII.10 for PBp, 
PBs 5 end Ekofigk cil. These walues were derived from experiments at a 
temperature of about 13°C. The influence of the temperature on Q. is 
taken into account, as far as could be derived from the experiments, 
by the relation C(o) - — » where ¥ oil viscosity varying br 
temperature. 
Equation (VII.9) describes the initial entrainment of oil by a brea- 
king wave (at t, = 0). After the breaking event, the droplets are 
exposed to diffusion and resurfacing processes. 


f) The oil concentration and the oil droplet size distribution are homo- 
geneous over the intrusion depth of the oil in the water mass z,, due 
to breaking waves. In the course of time, inhomogeneities arise due tc 
resurfacing and diffusion processes. 


g) Breaking waves cause an intrusion depth of surface oil into the water 
mass, z,. The intrusion depth z, is linearly proportional with i, = 
wave height of breaking wave, and h,... = maximum bore height of 
breaking wave, by the relationships: 


z,° 1.5 B (VII.6a) 
z,° 34h . (VII.6b) 


The entrainment Q (kg/m*) is defined as the dispersed oil mass in the 
water column per unit surface area per breaking event. Q depends strongly 
on the time after the passage of the breaking wave due to resurfacing of 
big droplets. Therefore, the following description of Q and droplet size 


distribution d.(f) is persued as regards the dispersion of an oil surface 
film: 


a) The absolute d.(f) distribution is equal for all depths z within the 
intrusion depth z, for small droplet size classes not (yet) disturbed 
by resurfacing of droplets. 

b) The relative d.(f) distribution for small classes is given by Equation 
(VII.2). Initially, immediately after the breaking event, Eqvation 
(VII.2) is assumed to be valid up to infinitely large droplets. 

c) Absolute values of N(d.) are required for one or more (small) droplet 
size classes fulfill the homogeneity described in paragraph a. 

d) The maximum droplet size a at a given time t, and at given depth z, 
must be derived from measurements, or from calculations on the ver- 
tical diffusion of the buoyant droplets in the droplet cloud. All 
droplets smaller than d_.,. fulfil the conditions in paragraphs a and b 
fort St andz Sz. 


In other words, dispersion of oil due to a breaking wave is described by 

the following empirical parameters: 

a) intrusion depth z,, 

b) selative droplet size distribution d.(f) according to Equation 
(VII.2), 

c) concentration and distribution for small droplets are equal for all 
depths z withing Zi» 

d) absolute values of N(d.) for at least one (small) size class, 

e) empirical and/or calculated data on maximum droplet size d_... 


The oil entrainment Q, due to breaking waves, appeared independent of the 
oil surface layer thickness h,, within the applied values h, * 0.2 to 
1.2 mm. The maximum droplet size d.x may be considerable larger than h,- 
No empirical data are available for very thin oil surface films where Q is 
restricted to the volume of the surface slick. It is suggested that one 
assume oil droplet dispersion according to the empirical relations found 
for the smallest size class until the size class where the entrainment oil 
mass per breaking event Q equals the surface slick volume. Actually, this 
principle can be applied for all film thicknesses. 

For large thicknesses, the large droplets considered in this way resurface 
quickly. 
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VIII. DISCUSSION ON DISPERSION AND DIFFUSION OF OIL DROPLETS AND OILED 
PARTICLES 


The present laboratory experiments were conducted in order to provide 
mathematical models on oil dispersion with empirical data. The mathe- 
matical models must describe ths transport of spilt oil taking into 
account the following conditions: 
a) Oceanographic conditions : deep-sea, coastal waters, surf zone 

: water temperature, water salinity, 

SPM concentration 

b) Meteorological conditions : calm to stormy wind 
c) Oil spillage : surface, subsurface 
ad) Oil characteristics : type of oil, weathering state, oil volume 
e) SPM characteristics SPM type, particle distribution. 


In general, a comprehensive consideration of the oceanographic and meteo- 
rological conditions must result in the model description of the tidal 
currents, wind-driven currents and the wind-driven waves, including the 
turbulence generated by the currents and (breaking) waves. The currents 
and turbulence in the seawater are responsible for the following processes 
as regards the spilt oil parcels: 


a) transport processes. The oil parcels and oil-SPM agglomerates move as 
a result of the currents, turbulence (diffusion) and buoyancy (related 
to fall or rise velocity in quite conditions). 


b) oil break-up processes. Surface oil films are broken-up by breaking 
waves* and dispersed into the water column by breaking wave tur 


It is not well understood whether breaking waves are necessary for oil 
film break-up. Some field investigations indicate dispersed oil 
droplets in the absence of breaking waves. However, this cannot be 
reproduced in (small-scale) laboratory models. The present study 
assumes that oil film break-up is due only to breaking waves. 


- 603 - 


c) 


bulence. Submerged oil parcels are broken-up by turbulence in the 


seavater. 


oil-SPM interaction processes. Collisions between oil droplets and SPM 
are (partly) due to turbulence. 


Some of the processes in the mathematical models are well understood to a 
certain degree and quantitative data can be obtained from the literature, 


especially as regards the currents and turbulence structure. The present 


study provides experimental data with respect to the following processes: 


a) 


b) 


c) 


Break-up of submerged oil parcels in a turbulent ambience. The 
resulting oil droplet size distribution is given as a function of the 
turbulence level, the latter characterized by the energy dissipation 
rate per unit volume. Data are available for different types of oil, 
weathering states, different temperatures and turbulence duration. 


Breaking wave induced break-up of surface oil films, expressed in 
terms of entrainment of oil (volume of dispersed oil mass relative to 
surface slick mass), droplet size distribution of the oil broken-up by 
the turbulence of the breaking wave, and intrusion depth in the water 
column due to breaking wave turbulence. 

The intrusion depth z, is given as a function of the bore height of 
the breaking wave. Zz, appeared independent of other parameters. 

Oil entrainment Q and droplet size distribution d.(f) are given as a 
function of the dissipated energy per unit surface area in the bore of 
the breaking wave. d.(f) depends also on the oil type, weathering 
state and temperature; data are available and/or relationships are 
given for different values of these parameters. The dependence of Q on 
the oil film thickness, h,» 
type, weathering state and temperature is given by available data for 


surface oil coverage fraction Soy? oil 


different values of these parameters. 


O11-SPM interaction data are not available in terms of quantitative 
data that could be related to actual sea conditions. The following 
results of the experiments conducted must be considered as mainly 


qualitative information about the i)\»rtant parameters involved in the 

interaction process: 

cl O11-SPM interaction phenomena ranged from “oil droplets coated with 
SPM particles", to “oil droplets incorporated in SPM flocs". The 
buoyant, neutral or negatively-buoyant behaviour of an agglomerate 
depends on the oil-SPM ratio in the agglomerate. 

c2 The oil in oiled sediment consisted apparently of discrete 
droplets. The droplets observed in negatively-buoyant agglomerates 
were always in the size range 1 pum < qd, < 60 pum, not significantly 
variable in experiments with different oil types, SPM types and 
turbulence levels. 

c3 A steady-state in the oil-SPM interaction experiments was obtained 
within 20 minutes with kaolinite SPM (organic carbon content 
occ = 0), but was not obtained within three hours (= maximuz 
duration of the experiments) with Waddensea SPM (OCC = 7 percent). 

c4& The oil content in the sediment was linearly proportional to the 
applied oil volume. The oil content was less in conditions with low 
concentrations of oil and SPM where, apparently, the low particle 
collision probability restricted the interaction. 

cS Increasing turbulence level ied to increasing oil/silt (o/s) ratio 
in the sediment. 

c6 The ranking of oil for oil adsorption on silt depends on the type 
of silt. 

c? The weathered PB, oil was more adsorbed by SPM than the unweathered 
PB, oil. 

c8 Oil adsorption by Waddensea silt was considerably more dependent on 
variables {e.g., type of oil, turbulence level) than the oil-ka- 
olinite interaction. 


Consequently, the use of data given in this study in mathematical models 
requires the knowledge of the following parameters: 


a) 


b) 


turbulence profile in the water column in terms of energy dissipation 
rate per unit volume, e (due to tidal currents and wind-driven 
currents) 


statistical properties of breaking waves (average area covered by 
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breaking waves per unit time, energy dissipation per unit surface 
area, bore height) 

Moreover, further calculations on the transport of oil requires: 

c) diffusion coefficient profile cc in the water column (due to tidal 
currents and wind-driven currents. 

¢) current velocity profiles (tidal currents, wind-driven currents and 
wave-induced currents). 

These parameters in given hydrometeorological conditions must be obtained 

from the current knowledge in literature. A survey of the current know- 

ledge is given in the Interim Report (1986) (See also Section II of the 

present study). 


The stability and vertical diffusion of small oil droplets and the resur- 
facing of large droplets in the residual turbulence conditions of the 
ambient flow after the breaking wave event can be calculated with the 
diffusion equation: 


ac | =s« 8 ac ac 
oe ° ba (c. => + wd) a= (VIII.1) 
where c - e(d,), oil concentration per droplet size class, 


... = vertical diffusion coefficient, 
W(d,) = terminal velocity of oil droplet with size d.. 


The initial conditions of Equation (VIII..) are the conditions shortly 
after the passage of the breaking wave as given in Section VII.8 with 
respect to the intrusion depth, droplet size distribution and homogeneity 
within the intrusion depth. 


The data and relationships given in this study are, of course, only valid 
in the range of parameter values applied. It is expected that this is no 
serious limitation as far as the range of applied temperatures, breaking 
wave energies and submerged turbulence conditions are concerned. If the 
present study should be extended to a more comprehensive range of the 
parameters it would be wise to include more types of oil especially the 
high-viscosity oils and oil emulsions. This is emphasized by the obser- 
vation of rapid emulsification in the small-scale as well as in the l«:ge- 
scale flume experiments, especially with Prudhoe Bay oil. 
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APPENDIX A. LABORATORY METHODOLOGY AND QUALITY ASSURANCE PROCEDURE 


A.1 Laboratory Test Facilities 


A.1.1. Grid Column 


Two series of experiments were performed in the grid column: 

a) experiments on the break-up of oil droplets in a turbulent field, see 
Section III. 

b) experiments on the interaction of oil droplets and SPM in a turbulent 

} field, see Section IV. 

The facility is shown schematically in Figure A.1l. The height of the 

column is 4.25 m, and the internal diameter of the transparant perspex 

tube is 0.30 m. Inlets and/or outlets are situated at eleven locations. 

Submerged introduction of oil took place through one of the inlets near 

the bottom, Figure A.2 shows «a photograph of the lower section of the 

column with the oil inlet system. In some experiments, the introduction of 

oil took place by putting an oil layer on the free water surface. The 

withdrawal of samples took place generally near the middle of the colum. 


Turbulence in the column is generated by an oscillating grid system, con- 
sisting of grid sections mounted on an axis over the whole length of the 
column, see Figure A.3a. The turbulence level depends on the shape of the 
grid, and the amplitude and the frequency of oscillations. The shape of a 
grid section is shown in Figure A.3b, the mesh size is 0.075 m, and the 
distance between the sections is also 0.075 m. The amplitude was fixed in 
the experiments on 0.075 ma, while the frequency was varied from 0 to 

4 s. Rouse [1938] and Dobbins [1944] have shown that a vertical oscil- 
lating grid in «a column generates a homogeneous turbulence field. The 
vertical diffusion coeffecient c. in the turbulence field can be expressed 
by: 


€, ~ © tsa “erie 


where f erid = grid frequency 
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FIGURE A.2 Grid column with oil inlet 
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G. View on grid in column b) Cross sections of grid and grid 


rod (all measures in mm) 


FIGURE A.3 Turbulence grid in the column 
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Agrid = grid amplitude 


Cc = constant 


Rouse [1938] has measured the value C = 0.2 with a grid similar to that 
used for this study. It is supposed that the same value is valid for the 
present column. Figure A.4 shows the relation between c. and ferid with 
A.-iq = 9-075 m. The relation has been verified experimentally by measure- 


gri 
ments on the diffusion of fine sand in the column. 


The energy dissipation in the column can be calculated in the following 
way. The force F on a grid section due to the water resistance is ex- 


pressed by: 


2 


Fec a & P. U rid 


D (A.1) 


with: C, = drag coefficient 

A = grid surface perpendicular to oscillation direction 

Usrig * Brid velocity = « Arid cos et (w# = angular velocity) 
Equation (A.1) leads, for the present grid, to the following expression, 
if co * 1.0 is assumed: 


F = 6.36 a2 o* ees" wt 
gr 


The supplied energy E per grid section and per unit time (s) is: 


3 3 


l 
E J FA @ cos wt d(wt) = 2.7 Arid o 


grid 


The energy dissipation rate e per unit volume (for 13.3 grid sections per 


meter) is: 


0-530. w 


grid 


The amplitude Agrid = 0.075 was applied in the experiments. Then: 
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FIGURE A.4 Vertical diffusion coefficient ¢, versus grid oscillation 
frequency in the grid column 
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FIGURE A.6 Heat-insulated grid column for low-temperature experiments 
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3 3 
e= 55 t rid (3J/s m ) 


with f = o/22 


grid 
The homogenity of the turbulence was checked with a laser-doppler velocity 
meter. The turbulent velocity fluctuations in the horizontal and vertical 
direction are of the same order of magnitude, and are almost homogeneous 
in the horizontal area. An example of these measurements is shown in 
Figure A.5. 


The water temperature in the column is an important parameter because it 
influences the oil viscosity. Moreover, temperature differences in the 
columm can generate density currents that disturb the observation of the 
rise velocity W of oil droplets. Therefore, the whole column is placed in 
a water filled tube connected with a thermostat bath to keep the column at 
a specific and homogeneous temperature. The temperature of the column 
water was varied from 4°C to 20°C during the different experiments. To 
attain low temperatures, the entire column was covered with an insulation 
blanket, see Figure A.6a. 


A.1.2 Oil Flume 


The experiments performed in the Oil Flume concern the effect of breaking 
waves (at laboratory scale) on a surface oil layer characterized by the 
following perameters: 

- gatio of dispersed oil and surface oil 

- droplet size distribution of dispersed oil 

-  wertical distribution of dispersed oil. 


The Oil Flume was constructed in 1983 to allow fundamental laboratory 
research into the natural and chemical oil dispersion processes. 


A schema of the flume with basic equipment is shown in Figure A.7. The 
body of the flume is 15 a= long, 0.5 m wide and has a maximum water depth 


of 0.6 m. All parts of the flume that may come into contact with the oil 
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Schematic Oil Flume with basic equipment 


FIGURE A.7 
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FIGURE A.8 011 flume with wave board 
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———————— 


are made of glass or resistoplast-coated steel, stuck together with 
silicon slu-. These materials are not affected by oil, chemical disper- 
sants, and cleansing detergents and will not influence the surface tension 
of the water and the oil, nor the oil-water interfacial tension. 


The walls and bottom of the flume consist mainly of glass to allow visual 
observation as well as the direct (in-situ) detection of dispersion para- 
meters by laser beans. 


Breaking waves are essential for the study of oil dispersion. The wave- 
board in the flume can generate a distinct pattern of irregular waves. The 
generation of a single breaking wave in the flume can take place by 
radiating a wave train from the programmed wave board, where the wave 
train is characterized by a specific wave height distribution and wave 
period distribution. The wave train components determine the location, 
duration, height and intensity of the breaking wave. The maximum wave 
height is about 0.25 m= at «a water depth of 0.5 m. A wave damper has been 
mounted at the end of the flume. A photograph of the flume with the wave- 
board section is shown in Figure A.8. 


The flume is supplied with a flow circuit and a set of pumps to generate a 
flow velocity of up to 0.5 m/s at a water depth of 0.5 =. Brine can be 
added to the flume to attain the proper water salinity. The flume is si- 
tuated in a workshop where the air temperature is kept at a constant level 
of 16°C. Normally the temperature of the water (withdrawn from cisterns 
under the workshop floor) will be 16 to 17°C. In special cases the tempe- 
rature of the water can be changed by adding warm water or ice to the 
flume. 


Cleansing the flume of ofl (and chemical dispersants) is performed by « 
hot water gun, initially with addition of soap and finally by hot water 
only. The control of the cleaning is carried out by measuring the surface 
tension of the water in the flume. (The same procedure was applied for 
cleaning the grid column). 
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Withdrawal pipes with different lengths were mounted in the test section 
of the flume to withdraw water samples from different depths (see Figure 
A.7). 


Measuring equipment 


The following parameters are important to the dispersion process: 
a) wave pattern and orbital movement 

b) current velocity 

c) turbulence structure in the water mass 

4) oil layer thickness h, 

e) oil concentration in water 

f) droplet size distribution of dispersed oil 


These parameters can be measured by the following methods: 


Item a: The wave profile is obtained by a small (1 cm) pressure indicator 
just below the water surface. A constant vertical distance to the 
water surface is maintained by an electromotor coupled with the 
output of the pressure indicator. 

A laser-doppler velocity meter can be applied to measure t:., or- 
bitel movement. The apparatus is mounted with an adjustable frame 
(vertical position) on a movable cart (horizontal position). 


Item b: The current velocity and/or velocity profiles can be measured by « 
micropropellor meter. 


Item c: The measurement of the turbulence structure in a flow is performed 
by the laser-doppler velocity meter ae described in sub-section a. 
However, the turbulent structure in th: bore of a breaking wave 
cannot be derived with this equipment because the interruption of 
the beam by air bubbles in the bore prevents the receiver from re- 
gistering the signal. 
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FIGURE A.3 011 flume with two laser-beam particle sizers 
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Item d: The oil layer thickness h, and the homogenity of h. can be derived 
with a gauge needle. The contact of the vertically movable needle 
with the oil surface can be observed visually, while the oil-water 
interface is indicated by an electric signal making use of the 
conductable (water) and non-conductable (oil) characteristics of 
the two layers. 


Item e: The concentration of dispersed oil in the flume can be measured by 
the following three methods: 


el) 


e2) 


e3) 


Item f£: Two 


infra-red spectroscopy on oil water samples withdrawn by the 
tubes in the measuring section. The spectroscopic method is 
described in Section A.3.1. 

laser beam adsorption. A quick but rough method of in-situ 
concentration measurement is the adsorpticn of a laser beam on 
its way through the flume. Assumptions (or measurement, see 
item £) should be made about the droplet size distribution of 
the dispersed oil. 

particle sizes. The concentration of dispersed oi. can be 
determined by the integration of the measured droplet size 
distribution curve (see item f). 


methods were applied for the determination of oil droplet size 


distribution in the flume: 


1) 


£2) 


A Malvern laser-beam particle sizer was applied for in-situ 
measurements. The apparatus and the limitations of measure- 
ments are described in Section A.2.1. 

The apparatus was mounted across the flume with the emitter 
and receiver on opposite sides of the flume and the laser bean 
crossing the 0.5 m wide water mass with dispersed oil. Figure 
A.9 shows the flume with two laser-beam particle sizers for 
measurements on different depths below the water surface. 
Visual microscopy with oil-water samples taken at different 
locations. The method is described in the sections A.2.2. and 
A.2.3. 
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FIGURE A.10 Delta flume 
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A.1.3 Delta Flume 


The Delta Flume was constructed for large-scale physical modelling. The 
open-air flume is shown in Figure A.10. The length of the flume is 240 a, 
the width 5 m and the depth 7 m, with deeper sections down to 9.5 a. 


Monochromatic and random waves with a height of up to 2 m can be generated 
according to a required time history. The wave period can vary from 1 to 
12 s. The flume is filled with fresh water, salt water cannot be supplied. 


A wide range of instruments is available to monitor the hydraulic pro- 
cesses. In the present study, wave height meters were used before and 
beyond the breaking wave location, in order to calculate the energy dissi- 
pation in the breaking wave. 


The length, width and height dimensions of the Delta Flume are ten times 
larger than the dimensions of the Oil Flume. The breaking waves in the 
Delta Flume, with wave heights up to 2 m, are of the same order of magni- 
tude as waves in field conditions. Five oil dispersion experiments in the 
Oil Flume were scaled up and carried out in the Delta Flume to determine 
the relation between the small-scale laboratory conditions in the Oil 
Flume to “field" conditions in the Delta Flume. 


Much effort was spent on the design of programs for the wave generators in 
the Oil Flume and Delta Flume, in order to generate suitable breaking 
waves with different breaking energy levels and vertical penetration by 
the orbital movement and turbulence field. The breaking waves must be 
accurately reproduced in the areas of observation and must be transfor- 
mable from the small Oil Flume to the large Delta Flume. 
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FIGURE A.11 Schematic laser-beam particle sizer 
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A.2 Laboratory Equipment and Measurement Techniques 


A.2.1 Laser Beam Particle Sizer LBPS 


The apparatus 


A Malvern 2600 D Laser Beam Particle Sizer (LBPS) was used in many experi- 
ments for determination of the oil droplet and SPM particle size distri- 
bution. The scheme of the LBPS is given in Figure A.1l. 


The Malvern Particle Sizer uses the »yrinciple of Fraunhofer diffraction. A 
laser transmitter produces a parallel, monochromatic beam of light to 
illuminate the particles in a sample. The incident light is diffracted by 
the particles to give a stationary diffraction pattern regardless of par- 
ticle movement, A Fourier transform lens focusses the diffraction pattern 
onto a multi-element photo-diode dectector consisting of thirty concentric 
elements. The detector is interfaced directly to a desk top computer al- 
lowing it to read the diffraction pattern and perform the necessary inte- 
gration digitally. The computer uses the method of non-linear least 
squares analysis to find the size distribution that gives the closest 
fitting diffraction pattern. The fitting error (sum of the least squares 
errors) is given in the measurements by the phrase “best log error = ..." 
( e.g., Figures III.6 through III.58). The reliability of the measured 
size distribution is roughly indicated by the following guidelines: 

best log error > 6 model not appropriate 
5.5 < best log error < 6 poor fit 
5.0 < best log error < 5.5 adequate fit 
4.0 < best log error < 5 good fit. 


The Malvern particle sizer cannct be calibrated, but the transmitter and 
detector should be carefully aligned. The proper detection of the particle 
sizes can be tested with gauging fluids containing particles with well- 
known sizes. 
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FIGURE A.12 Laps size ranges of meacurement with two different 


focal distances of the optical system 
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The LBPS was supplied with the following optical systems for measurement 

of particle size distributions in different size ranges: 

a) system 1 with focussing length of 0.6 m, for measurement of par- 

ticles in the range from 11.5 to 1130 pm. The particles were di- 
vided by the apparatus in sixteen subranges as shown in Figure 
A.12a. 
The long focussing length of this optical system allows a sample 
cell of 0.6 m or smaller in between the beam expander and the 
focussing lens (see Figure A.11). This means that the oil flume 
itself, with a width of 0.5 m, can be used as a sample cell for 
in-situ measurement of size distributions. A relatively small 
cuvet was used in the experiments with the grid column, with con- 
tinuous flow-through of water withdrawn from the column. 

b) system 2 with focussing length of 0.2 m, for measurements of par- 
ticles in the range from 1.2 to 120 wm. The sixteen subranges are 
shown in Figure A.12b. This optical system allows only a small 
sample cell. 


The particle sizer measured the oil concentrations in the various sub- 
ranges by percent of volume, relative to the volume of oil in the entire 


size range of measurement (see Figure A.12). 


Measurement of droplet size distribution 


Many droplet size distributions were measured with the LBPS, equipped with 
the optical system for measurement of particle sizes in the range from 
11.5 to 1130 pm. A typical measured oil droplet size distribution is 
given in- Figure A.l3a with droplets down to a 100 wm. (Grid column 
experiment C55, PB), oil, e = 440 J/s n°, terid = 600 s. See Section III). 
The particle sizer measures the oil concentration in a size range by 
volume. The minimum detectable concentration in a size range is 0.1 
percent of the total detectable oil in all ranges. Reliable measurements 
om oil droplets smaller than 50 wm were never obtained in the grid column 
experiments while using the LBPS optical system for the 11.5 to 1128 
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@) range of measurement 11.5 - 1128 um 


106% 


b) range of measurement 1.2 - 118 um 


(experiment C55, grid column, PB), e = 440 J/s m?) 


FIGURE A.13 Droplet size distributions in experiment C55. LBPS 


measurements in different size ranges 
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pm size range. However, replacing this LBPS optical system by another for 
droplet detection in the 1.2 to 118 pm size range gave different results, 
as shown in Figure A.13b, with oil droplets down to 20 us. 


Obviously, the smallest detectable droplet size range in a certain size 
distribution depends on the relative concentration of the small droplets 
in the subrange with respect to the oil concentration in the entire range 
of measurement. This is demonstrated in Figure A.14 where imaginary LBPS 
output is given that should be found for droplet size distributions 
with Ww (d.) - ~~. N(4,) = number of droplets with sizes in the range 
from qd, - Ad to S. + Ad; droplet size distributions with this shape were 
found in all dispersion experiments. The distributions were calculated 
with an abrupt end at d..., with different values of d... in Figure A.14. 


A single experiment with PB, oil, heavily stirred in a beaker with water, 
showed that wery small oil droplets were generated. A sample was removed 
from the beaker and collected in a small sample cell of the LBPS. The 
droplet size distribution for this high concentration experiment is shown 
in Figure A.15, after a stationary position of 18 minutes in the cell to 
resurface big droplets. The described limitations on the registration of 
wide particle sizes rauges with widely different concentrations and the 
apparent occurrence of a wide range of oil droplet sizes in the experi- 
ments, have led to the development of an alternative droplet size distri- 
bution technique, see Section A.2.2. 


A.2.2 Fluorescence and visual microscopy 


The fluorescence apparatus 


An apparatus was constructed for visual microscopy observation of small 
oil droplets. Use has been made of the fluorescence behaviour of oil to 
distinguish oil droplets from SPM or other background particles in the 
same size range. 


A schematic representation of the apparatus is shown in Figure A.l6a. The 
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column experiments for flume experiments 


FIGURE A.16 schematic fluorescence apparatus 
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FIGURE A.17 Fluorescence detect a varatus 


sample cell was peced under “he microscope. Two light sources were used, 
an ordinary visible-lignt source, and an ultraviolet light source. The 
latter is a mercury high pressure bulb generating a line spectrum where 
the 365 om ultraviolet light is highly effective for oil fluorescence in 
the visible light. A lens and filter system was used in order tc con- 
centrate the light on the sample and to restrict the light to a narrow 
wavelength range around 365 om. The apparatus allowed the size detection 
of oil droplets down to about 2 wm, where the droplets could be distin- 
guished easily from dust or silt particles. Moreover, it was even possible 
to distinguish oil droplets representative of the two types of oil used in 
the experiments. The UV light source forced the omission of much sore 
fluorescence light from Ekofisk oil than from Prudhoe Bay crude. 


The following types of sample cells were used: 

a) Samples for observation of oil droplets and coiled sediment in the grid 
columm experiments on c11-SPM interaction were usually collected in 10 
x 10 = 40 mm plastic sample cells closed at the upper side with 0.15 
mm thick loose microscope slides, see Figure A.16b. Buoyant oil drop- 
lets with sizes é, > S wm will rise to the surface slide within a 
few hours, and can easily be observed and photographed with the sicro- 
scope. The enlargement usually applied is 40x or 100x, and occasio- 
mally 180x or 450xz. In almost all cases the cell was partly filled up 
with a 10 x 5 x 36 am perspex bar to divide the cell into a part with 
e depth of 4 am, and «a part with a depth of 40 am. For the observation 
of buoyant ofl droplets, taking into consideration «a certain time of 
stationary position, fewer oil droplets were surfaced above the shal- 
low part of the cell, but the smallest droplets are represented sore 
completely. 
The distance between the microscope objective lens and the subject 
must be about 68 am for 100 x enlargement, and such smaller for greater 
enlargements. Therefore suspended sediment in the sample cell can be 
observed only through the surface slide on top of the perspex bar. 


b) Another type of sample cell is shown in Figure A.l6c. In-situ with- 
drawal of oil-water samples in oil flume and delta flime experiments 
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was carried out with this type of sampler. (See also Section A.2.3). 
After sampling, the sampler was kept in stationary position for about 
twenty hours to allow oil droplets with qd. 2 5 wm to rise to the sur- 
face. The tube has a flat top glass, thickness 1.5 om, and is placed 
directly under the microscope. The enlargement was usually 72x during 
the measurement of the oil droplets. 
The photograph in Figure A.17a shows the UV source, microscope and «4 
set of samplers. The fluorescent UV beam is visible on the flat top 
glass of the samples due to a (weak) fluorescation of the glass. 
(Figure A.17b) 
A discussion on the probability of particle or droplet collisions due to 
differential settling or Brownian motions in the stagnant sample cells is 
given in Section A.4. 


The microscope was applied with «a camera. Examples of micrographs from 
buoyant (surfaced) oil droplets, buoyant droplets coated with SPM par- 
ticles, and sedimented SPM flocs with encapsulated oil droplets are shea 
in Section IV. The following remarks are made with respect to the possi- 
bilities and quality of the micrographs, which were restricted considera- 
bly by the limited depth of field of the camera, and the limited contrast 
resolution of photographic film and paper: 

a) Buoyant uncoated of1 droplets were most easily observed and photo- 
graphed. The depth of field of the camera was about 15 pm at 100x. The 
droplets were located on «a plane level against the surface glass. 
Photographs were very useful for measurements of droplet size distri- 
bution. (See the micrographs in Figure IV.7). 

b) Observation of the SPM coating of small buoyant oil droplets required 
a microscope enlargement of 180x or 450x. (See the micrographs in 
Figures IV.8 and IV.17). Even visual observation of a single SPH- 
coated oil droplet required scanning over the droplet depth by 
changing the focusing depth, in spite of the relative large depth of 
field allowed by the eye's accomodation characteristics. The depth of 
field of the camera was much less, and resulted in the relatively poor 
micrographs shown in Section IV. 
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c) 


Most problems with tb< limited depth of field and contrast resolution 

characteristics of ‘ihe camera and film occured with observation of SPM 

flocs with encapsulated oil droplets. The oil-SPM agglomerates were 

three-dimensional with depths up to the order of magnitude of 100 ya. 

The difference in depth of field between the eye and the camera is 

very remarkable in case of o11-SPM agglomerate observation. 

Moreover, the contrast range that can be covered by the eye is much 

more extensive than for film and photographic paper. The following 

requirements for light contrast must be fulfilled for usefull obser- 

vation of SPY flocs with encapsulated oil droplets: 

cl) on the one hand, the high contrast between the fluorescence light 
of small droplets (d. = 5 wm) and big droplets (d, = 50 um) must 
be detected. 

c2) on the other hand, the low contrast between the fluorescent oil 
droplets and the light reflected from the silt particles must be 
resolved. 

The restricted capabilities of the camera and the film resulted in the 

relatively poor photographs in the figures in comparison to the clear 

and beautiful visual observations. 


The preceding discription indicates that the fluorescence apparatus in- 
cluding the microscope and camera had the following possibilities: 


a) clear distinction between oil droplets and silt particles by 
fluorescence of the former. 

b) clear distinction between Ekofisk oil droplets and PB oil droplets 
because of a difference in fluorescence behaviour. Ekofisk drop- 
lets were considerably brighter than PB droplets. PB, PB, and 
PBig could not be distinguished in this way. 

c) quantitative determination of droplet size distributions in oil 
break-up experiments by droplet counting either from photographs 
or by direct visual observation. 

4) qualitative visual observation of the coating of oil droplets with 
silt particles. 

e) partly quantitative and partly qualitative determination of oiled 
sediment by visual observatiou. The type of oiling could be obser- 
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ved (e.g., distiction between the encapsulation of oil droplets, 
and coating of SPM particles with oil). The maximum and minimum 
droplet size in the flocs could be observed, including a rough 
indication of the droplet size distribution. 


Determination of droplet size distribution 


Two methods were applied for determination of droplet size distribution of 
dispersed oil. The determination by the laser-beam particle sizer is des- 
cribed in Section A.2.1., and was applied in the grid column experiments 
and in the first series of Oil Flume experiments. The ‘second method con- 
sisted of visual scanning and counting of oil droplets in a sample, making 


use of the fluorescence apparatus, the microscope and a 35 mm camera. 


Determination of droplet size distributions by visual scanning was applied 
in the second series of Oil Flume experiments and in the Delta Flume ex- 
periments. The oil-water samples were withdrawn from the laboratory flumes 
by the samplers descibed in Section A.2.3. (See also Figure A.l6c). After 
sampling, the samplers were kept in vertical position during a certain 
time to allow the buoyant oil droplets to rise to the flat top glass. 


The surface oil droplets in the sampler with droplet sizes qd, > 50 um 
could be measured from photographs taken from the top glass. The diameter 
of the sampler top glass was 27 rm, and the pictures were taken on al: 1 
scale on the negative. The pictures were taken against the light with an 
ordinary (visual) light source. Many such photographs are presented in the’ 
Sections V and VI. One of these photographs is shown in Figure A.18. 
Scanning and counting of droplets took place from the negatives projected 
on a screen. The droplets were divided in size classes shown in Figure 
A.19a. The number of droplets in a sample with qd. 2 50 um was generally 
low enough to scan the entire top glass of the sampler. (Typical numbers 
are 3 droplets in the 800 to 1600 ym size range to 100 droplets in the 50 
to 100 pm range). 
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FIGURE A.186 Photograph of oil droplets in sampler 
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b) minimum scanning trajectories with visual microscopy 


FIGURE A.19 Visual determination of oil droplet size distribution 
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Droplets in the size range qd, <€ 100 pm were measured and counted by visual 
microscopy. The sampler was placed directly under the microscope. (The 
quality of the top glass was good enough to do so). The design of the 
samples enabled routine oil droplet measurement down to qd. = 3 um. The 
restriction to 3 wm wee due to the enlargement of the microscope in re- 
lation to the thicknevs of the top glass, and the reasonable resurfacing 
time of the droplets. (Generally, a surfacing time of 20 hours was ap- 
plied). An UV light source was applied during visual microscopy. The 
fluorescence of the oil enabled a clear distinction between oil droplets 
on the one hand, and dust, air bubbles and s-lt crystals (from the brine) 
on the other hand. 

Determination of the droplet size distribution by microscopy took piace 
with a microscope enlargement of 72x. The diameter of the field of vision 
was 2 am. The droplets were divided in size classes shown in Figure A.19a. 
The number of droplets in the size classes with d_ $ 100 pm was fre- 
quently high enough to restrict the scanning area to two perpendicular 
trajectories (2 mm wide) as shown in Figure A.19b. 


A.2.3 Sampling Device 


Measured oil droplet size distributions with the LBPS and observations 
with the microscope indicated that the LBPS was not enable of measuring 
the size distribution over a wide range of droplet sizes. In principle, 
oil droplets with sizes down to about 2 pum can be detected with the micro- 
scope, and the determination of the droplet size distribution is possible 
by scanning and counting «a sample with visual microscopy. Therefore, it 
was decided to develop a sampling method to obtain proper oil - water 
samples from the laboratory measurement facilities that can be scanned 
with the microscope. 


The developed sampling device consists of a commercially available cy- 
linder glass with an optically perfect plane bottom. (The cylinder glass 
was used in the sampler in upside-down position). Figure A.20 shows the 
sampling device on almost full-scale. The cylinder is provided with a 
glass nozzle and a flexible silicon tube, closed at the other end with a 
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paper clamp. A hole is made in the tube near the paper clamp. The sampler 
can be closed by bending the tube close to the connection with the 
cylinder. The tube is bent by pulling the rope connected with the paper 


clamp. 


For the purpose of sampling water with oil droplets, the device is filled 
in advance with heavy brine (or any other suitable heavy fluid). The 
sampler is brought into the laboratory vessel with the tube in bent 
position. (See Figure A.2la). At the time of sampling, the rope is 
loosened, the silicon tube stretches and water penetrates the cylinder by 
flow exchange (Figure A.21b). The flow exchange rate and the turbulence 
generated in the tube can be regulated by adjusting the density difference 
between the fluids inside and outside the sampler and by adjusting the 
hole size. After sampling, the device is closed again by pulling the rope. 
(Figure A.2lc). 


Twenty samplers were used for the measurements reported in the Sections V 
and VI. The total volume of the sampler is about 60 cm. The samplers were 
filled with brine with a density p = 1159 kg/m”, while the water density 
in the Oil Flume was p= 1025 kg/m’ (*seawater") and p= 1000 kg/m? in 
the Delta Flume (fresh water). The volume of the exchanged liquids during 
sampling was derived afterwards by measuring the water density in the 
sampler. | 


The following exchange volumes were determined: 

sampling time of 10s leads to volume exchange of 8 cm? 
sampling time of 30 s leads to volume exchange of 20 cm? 
sampling time of 60 s leads to volume exchange of 35 cm? 
sampling time of 120 s leads to volume exchange of 45 cm. 


After sampling, the samplers were taken out of the laboratory vessel and 
were kept in vertical position during a certain time. The oil droplets 
rose to the top glasses. The droplets in the size range qd, > 5O um were 
measured and counted by taking photographs of the top glasses. Droplets in 


the size range qd, < 100 um were measured and counted by visual microscopy, 
see Section A.2.2. 
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FIGURE A.20 Sampling device for oil-water samples 
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FIGURE A. 21 
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A.2.4. 1 methodol for chemical analysis 


Chemical analysis was performed on the different types of oil applied in 
the experiments: Ekofisk oil (unweathered), Prudhoe Bay oil (PB,) un- 
weathered, and Prudhoe Bay oil weathered by evaporation ins laboratory 
conditions during 3, 10 and 36 days (PB,, PB), and PB, respectively). 
Analyses of hydrocarbon compounds were performed on whole oil samples by 
ges chromatography with flame ionization detection (FID-GC). The gas- 
chromatograms are given in the Figures A.22 to A.26. 


The flume experiments on the break-up of surface oil films by breaking 
waves and the grid column experiments on the break-up of submerged oil 
parcels in a turbulent ambience were conducted after application of one of 
the mentioned oil types. The experiments themselves succeeded over a short 
time (up to ten minutes in the grid column, while in the flume experiments 
the detection of the droplet size distribution, or sampling for detection, 
took place shortly after the passage of a single breaking wave). Conse- 
quently, it made no sense to conduct chemical analyses on dispersed oil 
droplets in the oil break-up experiments. 


A different situation occurred with the oil1-SPM interaction experiments in 
the grid column. The duration of the experiments was up to three hours 
(and in a few cases even 50 hours). It is expected that the composition of 
the oil is an important parameter in the interaction process, and frac- 
tionation of the small interacting droplets could occur by dissolution and 
evaporation of certain compounds during the experiments. 


Chemical analyses were conducted on “water" samples removed from the grid 
column during the oil1-SPM interaction experiments, in order to determine 
the amount of oil and the hydrocarbon composition of the oil in the dif- 
ferent phases (see below). Table IV.3 surveys the 135 samples from the 
grid column experiments and the results of the GC analyses. 
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FIGURE A.22 Gas chromatogram of Ekofisk oil 
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FIGURE A.23 Gas chromatogram of PB, oil 
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Gas chromatogram of PB, oil 


FIGURE A. 24 
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FIGURE A. 25 


Gas chromatogram of PBig oil 
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FIGURE A.26 Gas chromatogram of PBs, oil 


Preparation of the samples 


Water samples including oil droplets, SPM and oiled SPM, were removed from 
the grid column and collected in 1 litre separatory funnels (Figure IV.6a) 
or sedimentation columns (Figure IV.6b). The samples were maintained in a 
stationary position for about 20 hours to separate the samples in three 
phases (see Figure IV.6): 

a) phase I, surface layer, consisting mainly of oil 

b) phase II, oil and SPM still in suspension 

c) phase III, sedimented matter, consisting mainly of silt. 


Phase II was removed from the sedimentation column through the nozzle and 
poured into an extraction beaker. A polyester membrane filter, with 0.4 
ym pore size (from WNuclepore Corporation) was placed in the beaker. 
Vacuum-filtration separ«ited phase II in the filtrate and the oil-silt mass 
om the filter. The filtrate, with dissolved oil compounds and probably 
very small oil droplets and silt particles, was not analyzed and thrown 
away. The oil on the filter was recovered by vacuum-filtration with 10 al 
methanol and two times 15 ml methylene chloride successively. Oil mass and 
oil composition were analyzed with FID-GC. The silt om the filter was 
cleaned by vacuum-filtration with 10 ml distilled water. The silt was 
dried and weighed. 


Phase III was removed from the sedimentation column by «a pipette and 
poured into the extraction beaker. The further procedure was similar to 
phase II (cil recovery was performed with 15 ml methanol and 2 x 39 ml 
methylene chloride). The weight and composition of the oil was measured by 
FID-GC, and the mass of silt by weighing. 


The oil in phase I was removed by shaking the sedimentation column with 
the remaining matter with methanol and methylene chloride successively, 


and poured directly in a 100 ml sample bottle. 


All (three) oil samples from phase I, phase II and phase III were col- 
lected in 100 ml sample bottles before GC analysis. The bottle mouth was 
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covered with aluminum sheet and carefully closed. 


A.3 Oil Characteristics 


A.3.1 Measurement techniques 


Oil density Pp. 


The density of oil, Po» was measured by pycnometers or by weighing. 


Oil viscosity v. 


The measurement of oil viscosity, V5? at different temperatures was per- 
formed with a Haake Rotovisco RV 100 in combination with the CV 100 
measuring system or the M1500 measuring system. Oil temperatures between 5 
and 95 °C could be applied. The viscosity range of the apparatus is 0.5 x 
107° to 107! m*/s (= 0.5 to 10° cst). 


Many high-viscous oil types and emulsified oils are non-newtonian liquids. 
The rotoviscometer characterizes non-newtonian oil by shear rate versus 


shear stress viscosity curves, see Figure A.27. 


Surface tension and interfacial tension 


The oil surface tension, 4» and the oil-water interfacial tension, o 
was measured with a Kriiss K8600 tensiometer by the ring method of Lecomte 
du Nuoy. A platinum-iridium wire ring was used. 


Oil composition 


The gross chemical composition of oil samples was determined by gas- 
chromatography. A Carlo Erba glass capillary gaschromatograph in conm- 
bination with an ECD detector and a flame ionization detector (FID) was 


used, in conjunction with the data analysis systems of Hewlett Packard and 
Shimadzu. 
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FIGURE A.27 viscosity curve of emulsified Prudhoe Bay oil 
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Oil concentration in samples 


The determination of the oil composition in a sample by gaschromatography 
leads also to the concentration of oil in the oil-water sample. If the oil 
composition was not determined, the oil concentrations were measured with 
a MIRAM-1A Infra-Red Analyzer. The oil was extracted and homogenized from 
the sample with carbon tetrachloride. The infra-red light adsorption in 
the carbon tetrachloride solvent was compared with the adsorption in a set 
of standard concentration samples with the same type of oil. 


A.3.2. Prudhoe Bay and Ekofisk oil, unweathered and weathered 


The following types of oil, including different weathering states, were 
applied in the experiments: 


a) Ekofisk crude oil. Only fresh oil was applied in the experiments. The 
physical properties are given in Table A.l by means of the density 
Po: viscosity V5" surface tension e. and oil-water interfacial ten- 


sion o 
ow 


The chemical composition is shown in the FID-GC chromatogram in Figure 
A.22. The chromatogram shows the total concentration of hydrocarbons 
with the specific carbon number. 

Ekofisk oil is generally abbreviated by Eko. 


b) Prudhoe Bay crude oil, unweathered oil as well as weathered oil and 
eumulsified oil was applied in the experiments. 
PB indicates Prudhoe Bay unweathered oil. The physical properties are 
given in Table A.1, the total hydrocarbon composition is given in the 
gaschromatogram in Figure A.23. 
PB;, PBio and PB, indicate Prudhoe Bay oil weathered by evaporation 
of the volatile components during three, ten and thirty-six days re- 
spectively. The oil was spread in shallow dishes with an oil layer 
thickness of 25 millimetres. The evaporation took place outdoor at a 
mean temperature of about 6 °C. It is emphasized that “field-weathe- 
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Table A.1 Physical properties of oil and water 


Oil type and 
weathering 


state 


fresh water 


salt water 


Ekofisk 


viscosity v 


(107° n*/s, cSt) 


8.0} 10.4 
92 124 
122 
220 
56000 at 
rate 0.03 s ! 


(non - Newtonian, 


see Figure A.27) 


shear 


surface 
tension 
., @ 
° 


(N/m) 


(at 20°C) 


0.0550 
12.3] 0.0259 
233 | 0.0299 
0.0305 

ee, 0.0312 


Interfacial 
tension (oil- 
salt water) 
= (N/m) 

(at 20°C) 


0.0187 
0.0300 
0.0285 
0.0261 


density 
Ps Py 


(kg/m?) 


(at 20°C) 


1000 
1025 


808 
900 
902 
914 
992 
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ring" of PB oil om the sea surface may lead to quite different quan- 
titative and qualitative results as far as the physical and chemical 
properties are concerned. In field conditions, evaporation will be 
generally more rapid because of a thinner oil layer generally in the 
order of magnitude of 1 millimetre. Consequently, few hours of field 
evaporation with a thin oil film may be similar with the 7 day and 10 
day evaporation with the thick layer. Other differences between the 
weathering of oil layers in the dishes and on the sea surface concern 
the dissolution of soluble components, photo-oxidation and emulsifi- 
cation that might occur with oil on the sea surface. (Emulsified oil 
is described in Section A.3.3). 
The relative volume loss Vevap of laboratory weathered PB oil with 
respect to unweathered oil is quite small, and is given by: 

PB: Vevap = 4.3 percent 

PB io: Vevap = 7.3 percent 
PB36: Vevap = unknown. 
In spite of the small volume loss for weathersd PB oil, the oil 
viscosity increases considerably with weathering. The physical 
properties of PB, and PB,, are given in Table A.1, the gas- 
chromatograms of PB;, PBio and PB36 in the Figures A.24, A.25 and 
A.26. (Weathered-oil experiments were performed only with PB, and 
PBig» the chromatogram of PB,, is given for completeness). The 
gaschromatograms show a slight decrease of the low alkanes in the 
oil sample with increasing evaporation, in good agreement with the 


mentioned small volume loss during evaporation. 


A.3.3 Emulsified oil 


The series of experiments in the grid column on the effect of turbulence 
on the oil droplet size distribution contained some experiments with emul- 
sified Prudhoe Bay oil. (See Section III). The reason for the performance 
of experiments with emulsified oil was the observation of rapid emulsifi- 
cation of PB oil during preliminary tests in the Oil Flume due to the 
passage of breaking waves through an oil layer (Section V). It is supposed 
that rapid emulsification will take place in field conditions as well. 
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FIGURE A. 28 Emulsified PB oil in the Delta Flume after a breaking- 


wave experiment 
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Indeed, the experiments in the large-scale Delta Flume showed a consider- 
able emulsification of PB oil even after passage of a single breaking 
wave. The emulsified oil slick is shown in Figure A.28. Visually 
noticeable emulsification did not occur with Ekofisk oil in the Oil Flume 
and in the Delta Flume. 


2 indicates the laboratory-made oil-in-water emulsion from fresh 


Prudhoe Bay oil and salt water (p = 1025 ks/u’. $ = 30 “/oo). PB. was 
prepared by slowly adding water to oil, the latter severely stirred by a 
high-speed impeller. The ultimate oil-water slick contained 75 percent of 
water. The physical properties are given in Table A.l. PB on appeared a 
non-newtonian liquid, like the most high viscosity oils and oil emulsions. 
The viscosity 5" defined as the ratio “2 shear stress/shear rate, 
depends on the shear rate. The shear stress versus shear rate curve is 


given in Figure A.27. Moreover, PB appeared a thixotropic liquid with 


en 
the shape of the curve depending on whether the shear stress was measured 
with increasing shear rate (upper curve) or with decreasing shear rate, 


see Figure A.27. 


A.4 Particle Collision Probabilities between Particles in Laboratory 
Vessels and Sample Cells 


Collisions between particles might influence the processes investigated in 
this study. Collisions between oil droplets may lead to coalescence, be- 
tween silt particles to flocculation, and oil droplet-silt particle col- 
lisions may lead to the formation of o11-SPM agglomerates. Evidently, par- 
ticle colliding is the major process in the oil-SPM interaction phenomenon 
as it was experimentally investigated in the grid column (Section IV). On 
the other hand, particle collisions in the sample cells might distort the 
particle size distribution that occurred in the laboratory vessel at the 
time of sampling. The oil droplet collisions and subsequent coalescence of 
the droplets during or after the oil break-up process in the laboratory 
vessels before sampling may considered to be a portion of the processes to 
be investigated. 
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Estimates are made in this Section on the probability of particle colli- 
sions in different conditions, in particular as regards the sample cells 
where particle collisions may cause undesirable disturbances of the phe- 


nomena to be investigated. 


The relative transport and subsequent collision probability of particles 
can be due to Brownian motion, shear caused by turbulence and velocity 
gradients in the water, and different fall or rise velocities (differen- 
tial settling). (See, e.g., Interim Report 1986, Hunt 1982). Collisions in 
the non-turbulent and stagnant conditions in the sample cells are due only 
to Brownian motion and differential settling. 


Smoluchowski (1917) derived the following collision functions for 
spherical, inertial particles with density Ps and diameters d, and q;- 
Brownian motion: 

2 
(d, +d > 


6. TT a, q, (A.2) 


Differential settling: 


ss le,-e 
Ds ~ 72 uw 


| Ts 
m (4, ¢ 4° Ja” - ay" 


8 i j 


(A.3) 


4 


density of the particles (either oil droplets or silt 
particles), in kg/m? 

aids = particle diameters, in a 

T = temperature, in K 

k Boltzmann constant = 1.38 x 1072? 3/xK 
The relative collision probability due to differential settling over 


Brownian motion is therefore: 


ge lp-o..| 
» w os a 


ps/* 


Substitution of m (= 3.14), g (= 9.81), k (= 1.38 x 10723) and T (= 290 
K) leads to: 
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2 


2 
Bag /8, = 0-016 |p - o,] |e, - 4, | 4, (a.5) 


j 


with |p - e..| in kg/m” and 4,, 4; in um 


With respect to oil droplets, Equation (A.5) indicates that the collision 
probability due to Brownian motion is small compared with the probability 
due to “differential settling" (differential surfacing), even for the 
smallest values of le, - e.| and the smallest oil droplet size class that 
was observed with visual microscopy. Substitution of 2° 100 (for PB 
oil) and qd. = 3 um results in: 


/6 


. (A.6) 


2 
Bug / B, 7 14.4 | 4, d, 


The contribution of the Brownian motion to the relative collision proba- 
bility is only significant if the two droplets considered have a diameter 
difference much less than 1 pm. The probability of finding two droplets 
with this small diameter difference in each others neighbourhood in an 
empirical condition with a generally wide range of droplet sizes is very 
small. Consequently, Equation (A.6) leads to the conclusion that in a 
sample cell the probability of oil droplet collisions due to Brownian 
motion is negligible relative to differential settling. 


It is easy to estimate, without making any calculations, that distortion 

of the droplet size distribution from coalescence of droplets after col- 

lision (due to differential settling) in the sample cells is negligible in 
the actual experimental conditions. The following features were consi- 
dered: 

a) volume and shape of the sample cells used were chosen in such a way 
that the surface fraction covered by the resurfaced droplets (after a 
stationary period) is not more than few percent. 

b) the droplet sizes in dispersed oil samples are distributed according 
to Equation (VII.2) over a wide range, with a sharp increasing number 
of droplets with decreasing diameter. 

Section a) indicates that the collision probability from differential 


settling is emall for droplets with diameters of the same order of magni- 
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tude. Some collisions may take place between large droplets (e.g., 4, 
= 100 pm) and very small droplets (e.g., q° 5 pm) during the large 
droplet rise to the surface. Section b) indicates that distortion of the 
size distribution is only considerable if coalescence occurs by droplets 
with sizes in the same order of magnitude: the example of the few large 
droplets coagulating with very small droplets does not considerably 
increase the size of the large droplet nor reduce considerably the number 
of small droplets. Consequently, the sample cells used for observation of 
droplet size distributions in the experiments (Section III, V and VI) were 
safe as regards the distortion of the distribution by coalescing droplets. 


A completely different situation occurs with the oil-SPM samples. (See 
Section III). Typical SPM concentrations are in the order of 20 ppm (by 
volume), while a considerable amount of the silt consists of particles 
with sizes in the order of magnitude of 6. - 2 um. The sample bottles and 
separatory funnelr were about 0.2 m high. This means that a homogeneous 
settling of the silt particles would cover the bottom completely, and many 
collisions are to be expected during settling, especially between the 
(rising) ofl droplets and the (falling) silt particles. To guarantee 
negligible oil-SPM collisions in the sample cells requires a reduction of 
the SPM concentration in the laboratory facility or the cell height by, 
say, a factor of 100. The pursued measuring procedure did not permit «a 
workable reduction of one of these parameters and still collect enough 
matter for (chemical) analysis. 


A.5 lity Assurance Procedure 


Project organization 


The project undertaken by EHI/Delft Hydraulics Laboratory was subject to 
the overall direction of the president/manager of EHI and the divector of 
the Estuaries and Seas Division of Delft Hydraulics. The interim report 
and final report were subject to their approval. 
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Technical approach, set-up of test program and test procedures were the 
responsibility of the principal investigator. Jontrol and approvel of 
technical approach, test program and test procedures by the Head Research 
and Development of the Estuaries and Seas Division of Delft Hydraulics was 
mandatory. 


Day-to-day execution of the project, data collection and record analysis 
were assigned to a project engineer and project technicians. The super- 
visor of the workshop supported the project team in design of the test 
stands. 


Project records 


Project records were kept in: 


a) Correspondence files. incoming correspondence was dated and routed for 
review and initialing. All attachments or enclosures remain in the 
correspondence files except photographs and plans. Outgoing corre- 
spondence was assigned sequential numbers and a list of all outgoing 
correspondence is kept in the Project Engineer's work book. 


b) Memo files. Project related meetings and phone conversations were 
recorded on standard sheets. 


c) Plan and data files. Incoming plare and data were dated the day re- 
ceived. A list of plan numbers is kept in the Engineer's work books. 
Plans were filed in « drawer. 

4) Engineer's Work Book. Binders were used for keeping all test programs, 
procedures, schedules, correspondence lists, plan lists, calculations, 
dimensional checks and draft reports. 

e) Project Technician Work Books. Binders were used for keeping only 
current approved model drawings, test programs and procedures, plus 
data, data analysis and photographic records. All files, work books 
and plans are bound together upon completion of the project and placed 
in storage. 
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Physical Models - Design, Construction, Testing Programs and Procedures 


All model design calculations and other calculations as required followed 
standard procedures and were initiated by the Project Engineer, performed 
by engineering of technical staff and reviewed and approved by the Princi- 
pal Investigator. 


Model construction drawing were prepared by engineering or technical staff 
according tc standard procedures, checked by the Project Engineer or 
another designated engineer and issued for approval by the Principal In- 


vestigator. 


Model construction was supervised by the Shop Supervisor and Project 
Engineer. Model dimensions were checked independently of the person re- 
sponsible for construction. The principal checker was the Project Engineer 
or a technician designated by him. A dated record of dimensional checks is 
kept in the Engineers' work book, initialled by the checker. Any deviation 
between the approved model design and the model as constructed was to be 
moted and any required action taken. Action was to be initiated by the 
project engineer, and approved by the Principal Investigator. 


Test programs were initiated by the Project Engineer and approved by the 
Principal Investigstor and Head Research and Development. The test program 
identified the cbjective of each phase and/or series of tests and iden- 
tified each test with a number. If, as a result of test results, or other 
information, modification was considered necessary to test a program, « 
revised test program was forwarded for approval following the above proce- 
dure. 


The test procedure for the operation of « model was prepared in writing by 
the Project Engineer subject to approval by the Principal Investigator and 
Head Research and Development. The test procedure was initialled by the 
Project Engineer, Principal Investigator and Head R & D., and kept in the 
Engineers’ work books. Revisions to the test procedure were approved by 
the Principal Investigator and Head R & D. The approved revision was 
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initialled, dated, and kept in the Project Technician's work books. The 
Project Engineer was responsible for issue of only approved current proce- 
dures to the Project Technician for use on the model following the same 


procedure used for control of drawing prints. 


Data collection was under supervision of the Project Engineer. Data were 
recorded and reduced on data sheets which note the project number, run 
number, data, test flows, items measured and identification number. 


Data were analyzed to examine trends and consistency of results. Data 
obtained by the Technician were checked by the Project Engineer, and vice 
versa. Data sheets were approved and signed wy the Project Engineer and 


kept in the Project Technician's work books. 


A photographic log was kept in the Project Technician's work books noting 
film number, test number and date of exposure. Prints and negatives were 
kept in the Project Technician's work books. 


Instrumentation 
Measuring devices were calibrated prior to commencing the test program. 


Calibrations of all instruments were recorded. 


Measuring and test equipment were of the proper range, type and accuracy. 
The procedures for using and calibrating specific items of instrumentation 
required for a project were prepared by the Project Engineer and approved 
by the Principal Investigator. The Project Engineer was responsible for 
issue of only current approved procedures to the Project Technicians for 
use on the model following the same procedure used for control of dra- 


wings. 


For the particle size analyses no direct calibration was possible. The 
concentration meters for oil and sediment were calibrated for each dif- 
ferent type of oil prior to the relevant tests series, including tempera- 


ture sensitivity. The gaschromatograph analyses was calibrated according 
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to the manufacturer's standards and procedures. 
Reports 


A draft report was prepared by the Principal Investigator following an 
outline approved by the Project Manager, and Head Research and Development 
and the Client. The draft report shall be reviewed by the Project Manager 
and revision undertaken by the Principal Investigator as directed. Trans~ 
ferral of data from work books, or calculation sheets, to graphs and dra- 
wing shall be checked and initialled by the Principal Investigator. 


Reports were approved by the Project Manager and the Director. 
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APPENDIX B. SCIENTIFIC PAPER AND SYMPOSIA CONTRIBUTIONS 


Two papers on this study were submitted to symposia before completion of 
the final report: 


G.A.L. Delvigne: “Droplet size distribution of naturally dispersed oil". 
Pp. 29-40 in “Fate and Effects of Oil in Marine Ecosystems" (Proceedings 
of the IAWPRC-TNO Conference on Oil Pollution, February 1987. Eds. J. 
Kuiper and W.J. Van Der Brink. Martinus Nijhoff Publishers, Dordrecht, The 
Netherlands (1987). 


G.A.L. Delvigne: "Measurements on natural dispersion". 

ASTM Symposium on Dispersants: New Ecological Approach through the 90's, 
October 1987, Williamsburg, Virginia, U.S.A. (Proceedings to be 
published). 


The following journal paper, given on the next pages, was completed at the 
same time as the final report, and submitted for publication to Oil and 
Chemical Pollution in December 1987: 


G.A.L. Delvigne and C.E. Sweeney: “Natural dispersion of oil". Submitted 
to Oil and Chemical Pollution, Graham and Trotman Ltd., London (1987). 
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Natural Dispersion of Oil 


G.A.L. Delvigne! and C.E. Sweeney” 


1 Delft Hydraulics, P.O. Box 177, 2600 MH Delft, The Netherlands 
“ Engineering Hydraulics Inc., 14715 NE gsth Street, Redmond, Washington 


Laboratory investigations were performed on the natural dispersion of 
surface and submerged oil. Surface oil broke up into droplets and 
penetrated the water column due to the effect of breaking waves. Submerged 
oil parcels (submerged spill) broke up into droplets due to turbulence in 
the ambient water. The experiments on surface oil dispersion led to the 
following quantitative relations: 

a) an empirical relation for the oil entrainment rate (dispersed oil mass 
per unit time), as a function of the oil type, oil layer thickness, 
breaking-wave energy and temperature, 

b) the droplet size distribution as a function of these parameters, 

c) the intrusion depth of oil droplets related to the wave height. 


The experiments with submerged oil resulted in relations for the droplet 
size distribution in dependence of various parameters. 

The empirical relations are applicable in mathematical models for 
calculation of natural dispersion of oil in the sea, with given 


hydrodynamic conditions and breakirg wave statistics. 


l. Introduction 


The purpose of this study on natural dispersion of oil was to provide 
equations for calculating the behaviour of spilt oil in sea conditions 
using empirical data on the effects of turbulence and breaking waves on 
oil droplet size, vertical dispersion rate (entrainment) and the resulting 


oil concentration distribution. 


The droplet size distribution of dispersed oil is of particular interest 
with reference to the stability of dispersion. The oil dispersion rate and 
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the oil concentration and droplet size in the seawater are important, for 
example, to the reduction or disappearance of the surface oil, the uptake 
of oil by marine life and the adsorption of oil by suspended particulate 
matter and its subsequent sedimentation onto the sea floor. In spite of 
its importance, relatively little research has been performed on the 
natural dispersion of oil. Previous investigations were carried out by 
Aravamudan et al. (1982), Bouwmeester and Wallace (1986), Delvigne (1985), 
Forrester (1971), Johansen and Audunson (1982), Milgram et al. (1978), 
Nilsen et al. (1985) and Raj (1977). 


The laboratory investigation described here dealt with the following 

dispersion processes: 

a) break-up of surface oil films into droplets and penetration into the 
water column due to breaking waves, 

b) break-up of oil parcels from a submerged leak into droplets due to 


turbulence in the water flow. 


The correct modelling of turbulence in laboratory experiments is of major 
importance. It is well-known that turbulence can be described in terms of 
eddies of different sizes. The energy of large eddies is transferred via 
smaller eddies (eddy cascading) to the smallest size class where the 
energy is dissipated ultimately into heat under the influence of 
viscosity. The transport of turbulent energy via the eddy cascade leads to 
identical small-scale eddy structures in different systems if the energy 
dissipation rates per unit volume, e, are equal. The large velocity 
gradients of the small eddies are of major importance for the break-up of 
oil droplets and for the collision probability of droplets whereas the 
large eddies are primarily responsible for the diffusive transport of the 
oil droplets. The break-up of coherent surface oil layers into droplets 
and the intrusion of the droplets into the water column due to breaking 
waves is a complex of mechanisms in which probably all eddy size classes 
in the breaking waves play important roles. The need to scale breaking 
waves, small-scale eddies and large-scale eddies to laboratory conditions 


is important to the analyses of the mechanisms studied and the scaling of 


results to field conditions. 


Table 1. Physical properties of oil used in the experiments. 


oil type, viscosity Yo interfacial density e, 
weathering (107° n*/s, cSt) tension 2. (kg/m, 
state (N/m, at 20°C)} at 20°C) 
20°C 12°C 4°C 
Ekofisk 8.0 10.4 12.3 | 0.0187 808 
PBo 92 124 233 0.0300 900 
PB, 122 0.0285 902 
PBio 220 0.0261 914 
PB on 56000, at shear rate 992 
0.03 s-! (non-Newtonian 


Figure | Column with oscillating grid 
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The following three laboratory facilities were used for the experiments: 


a) 


b) 


c) 


The "Grid Column" (4 m high, 0.3 m wide, a section is shown in Figure 
1). Homogeneous turbulence with different energy levels was generated 
in a vertical tube by an oscillating grid. The structure of the small 
turbulent eddies in the column, important to the break-up and 
coalescence processes, is similar to that found in field conditions 
and has identical energy levels. 

Inlet and/or outlets are situated at different depths in the column. 
Submerged introduction of oil took place through an inlet near the 
bottom. In some experimentr, oil introduction took place by pouring 
oil onto the water surface. Samples for oil droplet analysis were 
withdrawn generally near the middle of the column. 

The "Oil Flume" (15 m long, 0.5 m wide, 0.43 m water depth, see Figure 
2). The walls and bottom of the flume consist mainly of glass to allow 
visual observation. Oil surface layers were made by pouring oil onto 
the water surface. Breaking waves with a wave height in the order of 
0.2 m were generated by a wave board. The waves and the turbulence 
energy levels in these tests were considerably smaller than in field 
conditions. 

The “Delta Flume" (200 m long, 5 m wide, 4.3 m water depth, see Figure 
3). The length, width and height dimensions are ten times larger than 
the dimensions of the Oil Flume. Breaking waves were generated to 
(almost) field scale by a wave board. The wave heights were in the 


order of 2 am. 


Comprehensive series of measurements were conducted in the relatively 


easily managed grid column and Oil Flume; a more restricted program was 


performed in the large Delta Flume. The aim of these measurements was to 


derive scaling factors for translating the empirical laboratory results 


into field situations. 


The dispersion processes were investigated by varying the following para- 


meters: 


a) 
b) 
c) 
d) 


oil type and weathering state, 
surface film thickness, 
turbulence level (breaking wave energy), 


water temperature and salinity. 
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Figure 2 Passage of a breaking wave through an oil slick in the 


small flume 
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Figure 3 Large flume (Delta Flume) 
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2. Effect of Turbulence on Oil Droplet Size for Submerged Oil 


The effects of different turbulence energy levels and other pa~«emeters on 
the oil droplet size distribution was first investigated by ex; ‘iments in 
the grid colmmn. The oscillating grid generates homogeneous turbulence in 
the column. The structure and energy level of the small-size turbulence 
eddies, which cause the break-up of oil droplets, are similar in the 
column and in field conditions if the energy dissipation rates per volume, 
e (3/m>s), are equal. Typical values of e in field conditions are: 

deep-sea e = 10°* to 10° J/m’s 

estuary e = 107! to 1 J/ms 

surface layer e = 1 to 10 I/ms 

breaking wave e = 10? to 10° 3/m°s. 
The value of e in the column can be varied in the range e = 0 to 3.5 x 10° 
I/ms. This means that experiments on the droplet size distribution ic *he 
turbulent conditions in the grid column could be conducted with field 


values of essential parameters and scaling was not necessary. 


Oil droplet size was measured in the column with different conditions of 

the following parameters: 

a) Prudhoe Bay oil (PB) and Ekofisk oil (Eko) with relatively high and 
low viscosities respectively. The physical characteristics of the oil 
types are given in Table 1. 

b) Unweathered PB oil (PB,)), oil weathered by evaporation (PB, and PB, 9), 
and emulsified oil (PB, .)- The main effect of evaporation and 
emulsification is to increase viscosity, see Table 1. (PB, and PBio 
refer to 3 day and 10 day evaporation from an oil layer of 2.5 
centimetres thick. The duration of evaporation itself is of minor 
importance, the same effect on viscosity can take place on a thin oil 
layer on the sea surface in only few hours). 

c) Turbulence energy dissipation rate per unit volume, e, from 0 to 3500 
3/m°s. The high energy levels correspond to the energy in breaking 
waves in field conditions. 


d) Grid oscillation duration t = 5 s for simulation of the short- 


grid 


duration turbulence of a breaking wave, and t = 600 s to obtain «a 


grid 
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steady state droplet size distribution. 

e) Temperature T = 4, 12 and 20°C. 

f) Water salinity S$ = 0 °/oo (fresh water), S= 10 °/oo (brackish water) 
and S = 30 °/oo (seawater salinity). 

g) Surface oil film and submerged oil parcels. 

h) O11 concentration of 20, 50 and 150 g/m? in the column. 


The oil was generally introduced into the grid column as large oil 


droplets (droplet size d. = 10 mm) near the bottom. In some tests with 


° 
high turbulence levels, the oil was introduced at the water surface, the 
oil being entrained in the water column by the turbulence. The turbulence 
grid was switched on for a period teria’ Oil-water samples were withdrawn 
continuously from the grid column and led through a laser-beam particle 
sizer (LBPS) in order to determine the droplet size distribution in the 
size range from ‘ = 11 pum to d, = 1130 um. (Examples of the measured 
data are shown in Figure 6). In the course of the study it appeared that 
the measurable droplet size range tended to be greater than about 
50 wm due to the dominant contribution of large droplets in the volume of 
dispersed oil. Smaller droplets were certainly present but were not 
detected. The measurements with the LBPS were therefore used mainly to 
determine the influence of various parameters on the mean droplet size, 
deo, and on the maximum droplet size, Gnax’ in the droplet size 
distribution N(d.). Droplets with d, > 1130 um were detected visually from 


video recordings through the transparent column wall. 


Some of the experimental results are given in Figures 4 and 5. The dso 
measurements are given in Figure 4 as a function of the oil 
viscosity Yo for different turbulent energies and turbulence durations. 
The measurements were performed with different oil types, weathering 
states and temperatures, indicated in the figure by the viscosity V5" The 
maximum droplet size Gay, in the measurements on submerged oil is given in 
Figure 5 as a function of the turbulence energy level e, oil type and 


turbulence duration teria: The measurements led to the following 


conclusions: 
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Figure 4 Mean droplet size d<, versus oil viscosity Yo for submerged oil in 
turbulent ambience with turbulence energies e, and turbulence 


durations teria’ (Grid column experiments). 
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b) 


c) 


4) 


e) 


™ —_ -v, 0.34 (+ 0.05) (1) 

dso and qox depend on oil type, weathering state and temperature only 
as far as these parameters influence the viscosity Yo" The 
relationship is supported by experiments vill oil in the viscosity 
range from 8 to 220 cSt. Probably, the equation can be extrapolatec 
with some confidence to higher viscosities for newtonian-type oil. The 
relationship is unsatisfactory for nonm-newtonian oil types, as can be 


seen from the measurements on emulsified oil in Figure 4. 


4 — -0.50 (+ 0.1) (2) 


deo: max 


Equation (2) is valid in a high-turbulence ambience with e 2 100 
3/a° s, where additional break-up due to shear on the rising buoyant 
droplets is negligible. (The curves in Figure 5 are drawn according to 
Equation 2). 


N(d.) depends on the turbulence duration, teria: A steady-state 
droplet size distribution was obtained for terid 2 5 minutes, see the 
example in Figure 6. This implies that the droplet size distribution 


due to a single breaking wave is not a steady-state distribution. 
N(d.) is independent of the water salinity. 


N(d.) is independent of how oil is added to the system, that is as a 


surface oil film, or submerged oil parcels. 


Note 1 The steady state mentioned in Conclusion cc was apparently not an 


equilibrium between desintegration and coalescence of droplets, 
because it was found experimentally that the steady state droplet 
size distribution was independent of the oil concentration in the 
column. The stagnating droplet break-up after a certain time may 
be due to physicochemical changes of the droplets, especially at 
the oll-water interface, because of the dissolution of soluble 


components, adsorption of specific compounds from the water 
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Figure 6 


Droplet size distributions at 
different times t, after the 
start of the turbulence. The 
ordinate indicates the 
relative oil concentration 


by volume (2). 
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Figure 7 


Oil droplet sampler 


and open position 


in closed 


phase, or migration of specific oil components to the interface. 


Note 2 it is very likely that the oil viscosity ‘5 and the oil-water 
inter-facial tension ae important parameters in connection 
with the break-up of oil droplets. The present measurements were 
performed with oil types with very little difference 
in 64° Therefore, it was only possible to find a d 


° 


versus v. relationship. The effect of Coy 0 d, is shown very 
clearly by application of chemical dispersants, causing e.., and 


d, to decrease by one of more orders of magnitude. 


3. Experiments on Oil Dispersion due to Breaking Waves 


The turbulence in the ocean is an important factor in various oil 
dispersion processes. The initial break-up and submergence of a coherent 
oil surface slick as well as the secondary break-up of the oil parcels 
into smaller droplets depends on the turbulence structure, especially near 
the water surface. In addition, turbulence also plays an important role in 


the vertical diffusion of oil droplets into the water column. 


The turbulence in the surface layer of the sea is generated by overall 
(tidal) sea currents, wind-drift currents and waves. The wind-drift 
currents and waves are in turn generated by the wind. It is generally 
believed that, for a substantial dispersion of surface oil, breaking waves 
should be present. It is not known, however, if the presence of breaking 
waves is essential for dispersion to take place in field conditions. 
Probably, the s*retching and contracting of the oil surface layer by waves 
can lead to some dispersion. Howevir, in the small-scale laboratory 
experiments non-breaking waves alone did not lead to measurable oil 


dispersion. 


3.1 Small-scale experiments 


Experiments were performed in the smail-scale "Oil Flume", 15 m long, 0.5 
m wide, and with a water depth of 0.43 m. Salt water (S = 30 °/oo) was 
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used. The experiments were carried out to study the effect of breaking 
waves on a surface oil film. The following parameters were measured: 

a) oil entrainment (mass of dispersed oil droplets), 

b) droplet size distribution N(d,) of dispersed oil droplets, 


c) vertical intrusion of oil droplets in the water mass. 


The flume was equipped with a programmed wave generator. Seven wave trains 
were selected, each one characterized by the specific wave height (in the 
order of 0.2 m) and energy dissipation of the (single) breaking wave. The 
wave trains were programmed such that the breaking wave event occurred in 
the test section at some distance from the wave board. The breaking waves 
and the generated turbulence energy levels were small compared with field 
conditions. Therefore, the results of the flume experiments must be scaled 
into field conditions. 


Oil was poured onto the water surface in the test section of the flume. 
This resulted in an oil film with a thickness of h, = 0.5 mm in most 
experiments. The entire path of the breaking wave event was located in the 
flume section covered by the oil film. Figure 2 shows the passage of a 
breaking wave through the oil layer. The intrusion depth of the oil 
droplets due to breaking wave turbulence was observed by taking 
photographs of the oil droplets (or dye sprayed in the water surface) 


after the wave passage. 


The droplet size distributions in these experiments were not obtained with 
the laser-beam particle sizer because of the limited range of measurement 
(see Section 2), but with a series of nine samplers. The sampling device, 
shown in Figure 7, consists of a small glass cylinder (contents 50 cm?) 
with a flat top. The cylinder is provided with a flexible silicon tube 
which is closed when it is bent by pulling on a rope. The sampler is 
filled with heavy brine. In the open position in the flume, there was flow 
exchange between the brine in the sampler and the ambient water. (The 
volume exchanged was subsequently derived by measuring the water density 
in the sampler). After sampling, the tube was reclosed, taken out of the 


flume and kept vertical in stationary position for twenty hours. The oil 
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droplets rise to the top of the glass cylinder. Photographs were taken of 
the top glass to enable the oil droplets to be counted into large size 
classes with d, 2 100 um, see Figure 8a. Droplets with d, S$ 100 um were 
measured and counted by placing the sampling device directly under the 
microscope. The oil droplets were distinguished from dust particles and 
air bubbles by using on ultra-violet light source, making use of the 
fluorescent characteristics of oil in UV light. Figure 8b shows a micro- 
graph picture of a sample. Oil droplets down to d, «= 3 pm could be 


measured in this way. 


Nine samples were removed for microscopic observation during each 
.experiment. These were identified by three depths, and three different 
times ta after the passage of the breaking wave. Each sample was withdrawn 
while the sampler was moving on a carriage along the flume in order to 
sample while traversing the entire length of the oil droplet cloud: the 
total amount of oil dispersed by a breaking event could, therefore, be 
obtained. A moving sampler was also useful for averaging the sometimes 
irregularly distributed areas of dispersed oil droplets over the length of 
the flume. An example of this irregular distribution is shown in Figure 2. 


The main series of experiments were performed with the following variables 
(see the summary of experiments given in Table 2): 

a) oil type and weathering state: PB), PB), and Ekofisk 

b) four breaking waves with different energy dissipation 

c) temperature: T = 2, 8 and 15°C, 

d) ofl layer thickness: h, = 0.2, 0.6 and 1.2 mm. 


Important breaking wave parameters may be, as far as the oil entrainment 
and oil droplet break-up are concerned, the total length of breaking 1, in 
the oil slick, the energy dissipation per unit surface area Dhg» the 
energy dissipation rate per unit volume in the breaking wave area e, and 
the wave height H,. The length 1, indicates how much surface oil is 
involved in the dispersion process, Die is probably important to the oil 
entrainment, e indicates the energy of the small turbulent eddies and has 


therefore probably major influence on the break-up of oil droplets and the 
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a) macrograph Figure 9 Oil droplet size distri- 


butions in breaking wave experiment 


b) micrograph 


Figure 8 Oil droplets in sample from breaking wave experiment. 
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droplet sizes, and H, may indicate the intrusion depth of the oil 
droplets. 


The energy dissipation in a wave train with a single breaker was derived 
from the energy balance of the breaker zone. Two wave-height meters were 
placed in the flume, one before and one beyond the breaker zone. The 
energy dissipation D,, was found by subtracting the time-integrated energy 
fluxes before and beyond the breaker zone. The length of breaking 1, and 
the wave height H, were obtained from photographs taken at intervals of 
0.1 s. Results of the wave measurements in the flume are given in Table 2. 
It was very difficult to determine the values of e in the flume (see 
Delvigne et al. 1987)..The parameter e is important in connection with 
droplet break-up in the grid column, but it appeared that both the oil 
entrainment and the droplet size distribution N(d,) in the flume 
experiments could be described completely by other breaking wave 
parameters. No further attention is paid therefore to the influence of e 


in this paper. 


3.2 Large-scale experiments 


Some of the small-scale flume experiments were also performed in the large 
“scale “Delta Flume", with a length scaling factor of n, = 10 relative to 
the Oil Fiume. This means that the water depth was increased from 0.43 to 
4.3 m, and the wave height from 0.2 to 2 m. In many respects, the 
experiments in the large flume can be considered as full-scale experi- 
ments. 


The large flume was equipped with a wave generator similar to that in the 
small flume. The wave generator was steered by the same wave train 
signals, with an amplitude scaling factor of 10 and a wave period scaling 
facter of 10% giving a wave length scale of 10. The measurements of wave 
characteristics were made in a similar way to those made in the small 


flume. Results are given in Table 2. 
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Table 2. Measured breaking-wave characteristics 


flume wave HK, a l, Die 
(m) (s) | (=) | (3/m) 

2 0.23 | 1.25 | 1.83 9 
small 3 0.24 1.20 1.87 5 
flume | 5 0.15 | 1.00 | 1.34 2 

7 0.10 | 0.80 | 0.72 1 
large | 2 1.9 4.2 | 21.3 | 900° 
flume | 3 1.8 4.1 | 15.4 | 500° 

5 1.4 3.5 | 10.0 | 200° 


, Die values for the large flume were obtained by multiplying the measured 
values in the small flume by the theoretical scaling factor of 100. 


Table 3. Summary of flume experiments on oil dispersion due to breaking 


waves. 
2 7 0.6 
2 7 0.6 
$3 | PBjp| 2 |0.6 [15 $17 |PB,| 2 | 0.6 | 2 
small | 84 Eko 2 | 0.6 15 $18 | Eko 2 0.6 
flume|S7 | PB) 3 |0.6 | 15 si9 |PBo | 2 | 0.6 | 8 
$11 Eko 3 | 0.6 15 $20 | Eko 2 0.6 
$14 |PBo} 5 [0.6 | 15 s9 |PBo | 3 | 0.2 {15 
$15 |PBio| 5 |0.6 [15 s8 |PB) | 3 |0.6 | 15 
$16 Eko 5 | 0.6 15 $10 PBo 3 1.2 15 
large h (am) h, (mm) 
flume|F2 | PB) | 2 | 1 12 Fl |pBo| 5 jt 12 
(full F3 Eko 2 j}1 12 FS Eko 5 l 12 
scale) F4 PBo 3) 1 12 ! 


° The waves are identified by numbers. The corresponding wave 
characteristics are given in Table 2. 
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The experiments were as similar as possible to the small-scale flume 
experiments. The same droplet sampling system was used for microscopic 
determination of the droplet size distribution. Other samples were taken 
from four different depths to determine. oil concentration using infrared 


spectroscopy. 


The parameters varied were the type of oil (PBo and Ekofisk) and the 
breaking wave energy, as indicated in Table 3. The mean oil layer 
thickness h, was about 1 mm since the scaled-up value of hy =- 5 mm was 
not feasible. (It is shown in Section 4.3 that the oil entrainment and the 
droplet size distribution are independent of h,). 


4. Results of the Oil Dispersion Experiments 


The oil break-up experiments in the grid column, in the small-scale and in 
the large-scale flumes, led to empirical relationships for oil entrainment 


Q, droplet size distribution N(d,), and intrusion depth z,. 


4.1 O11 droplet size distribution 


Figure 9 shows examples of droplet size distributions in three samples 
taken at the same time but at different depths. (The samples were taken at 
0.1, 0.2 and 0.4 m below the water surface in the small flume). The graphs 
show N, (d,) versus d. where N, (d,) is the number of droplets in the 
logarithmic droplet size interval 0.5 d, to 1.0 d.. 


A remarkable result obtained from these data is the linear relationship 
between log N,(d,) and log d, and identical incline of the straight lines 
through the measurements for all experiments independent of oil type, 
weathering state, oil layer thickness and temperature. The droplet size 
distributions in all experiments in the three laboratory facilities, for 
both surface oil and submerged oil, followed the relationship: 


~ a 72-30 (+ 0.06) 
NW (4d) d. - (3) 
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where N,,(d,) - number of droplets in a unit size interval d around 
d,, @-g-, interval d, - 4d to d, + 4d. Equation (3) 
is equivalent to N,(d,) ~ a~*-¢ for the logarithmic 
intervals 0.5 d. to 1.0 d, as shown in Figure 9. 

This distribution is valid in all conditions for droplet sizes down to at 

least d, = 3 um (limit of routine measurements). Conditions for the 

maximum droplet size dex are very different in the grid column and the 

flume experiments as shown in the following descriptions. 


In the grid column experiments all oil droplets were taken into account in 
the droplet size distribution because the surfacing of large droplets 
could generally be neglected. This means that all oil introduced in the 
column was included in N(d,). Equation (2) describes d.., in the grid 
column experiments in different turbulent conditions: the droplet sizes 
were smaller in experiments with higher energy dissipation rate e, see 
also Figure 3. diay Was also dependent on the duration of turbulence. 
Measurements with turbulence durations from t, = 5 s to t, = 600 s 
indicated that steady-state values of Guax im high-turbulent conditions 
were obtained for .. 2 5 minutes. 


In the flume experiments with breaking waves, the dispersed oil was 
generally only a small fraction of the total oil mass in the surface 
slick. Or, to put it in another way, all surface oil was submerged by the 
breaking wave, but the oil lumps and big oil droplets resurfaced almost 
immediately after the breaking event. diax decreased with increasing time 
t,, after the breaking wave passage. It could be concluded from the Oil 
Flume and Delta Flume experiments that the maximum droplet size duax +2 
the water mass was independent of the break-up processes due to 
turbulence, but was rather dependent on resurfacing parameters, e.g., 
intrusion depth 2,, rise velocity of the oil droplets W(d.), and vertical 
turbulent diffusion coefficient c.: 


Equation (3) implies that the following ecuation holds for the relative 
volume of dispersed oil as a function of the size classes: 
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Vi. (d) = 1.45 vid) (4) 


with V(d,) = volume of oil droplets in the size interval 0.5 d, to 1.0 d, 
V,.(d,) = volume of oil droplets smaller than d, if Equation (3) is 
valid down tod, = C. 


Equation (4) indicates a rapid decrease in volume for smaller droplets. 


Bouwmeester and Wallace (1986) performed oil dispersion experiments in a 
small wave flume, resulting in droplet size distributions according to 
WN (d,) = a that should be valid close to the water surface. The range 


of measurements was from 12 to 2000 un. 


4.2 O11 droplet intrusion depth 


Measurements of the intrusion depth of oil droplets due to breaking waves 
in small-scale and large-scale experiments led to the following average 
relation (Figure 10): 


z, = (1.50 + 0.35) Hy (5) 
with H, = height of breaking wave 


The oil concentration and the droplet size distribution were almost all 
the same for all depths within the intrusion depth z, for small droplets 
but decreased with increasing depths for large droplets due to 
resurfacing. (The homogeneous droplet size distribution and oil 
concentration over the depth for small droplets, and the inhomogeneity for 
large droplets, is clearly shown in the example given in Figure 9. The 
homogeneity over the almost entire intrusion depth implies a sharply 
defined depth z,). 


Equation (5) agrees well with the Nilsen et al. (1985) conclusion that 
the empirical intrusion depth is 1.5 to 2 times the breaking weve height. 
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Figure 10 Intrusion depths z, in the small and large flumes, versus breaking 
wave height H,. 
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Entrainment Q versus breaking-wave energy dissipation D,, in 
small-scale (D,, < 10 J/a*) and large-scsie (D,, > 200 J/m*) 


Figure 11 


experiments. 
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4.3 Entrainment of oil 


The oil entrainment Q (kg/m*) is defined as the dispersed oil mass in the 
water column per unit surface area per breaking event. Because of the 
resurfacing of large droplets Q depends strongly on the ‘\ength of time 
after the passage of the breaking wave. 


Empirical results were obtained for oil entrainment for different breaking 
wave energies, oil types and weathering states (Figure 11), temperatures 
(Figure 12a), and surface layer thicknesses (Figure 13). The data were 
derived by fitting the N,(d.) versus d, straight linés of the specific 
experiments with the general inclination given by Equation (3). Curve- 
fitting was performed with data for droplet sizes smaller than 
200 pm: these size classes hai not been distorted by resurfacing during 


sampling. The following conclusions were drawn: 


a) Entrainment with different breaking waves. 
Figure 11 shows the empirical data. The breaking waves are 
characterized by the dissipated energy per unit surface area Doe 
(3/m*). In the small flume D,, ranged from 1 to 9 3/n?, and in the 


large flume from 200 to 900 3/a*. The data resulted in the empirical 
relationships: 


~ 0-57(+ 0.06) 
Q-p, 9-57K% (6) 


Equation (6) was valid in both small-scale and large-scale 
experiments, D,. varying by « factor of 900. 


b) Entrainment with different ofl types and weathering states. 
The data on Q versus D,, for PBo, PBig and Ekofisk oil are given in 
Figure 11. The ratio between the entrainment of Ekofisk and PBo 
appeared to be constunt for the different breaking waves in the small 
flume and the large flume. A constant ratio was also found for PB, and 


PBio» but the experiments with PBio were only performed in the small 
flume. 
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ENTRAINMENT Qiarbitrary units) 


Entrainnent measurements with different oil film thicknesses 
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a) Q versus temperature T 
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b) Q versus ofl viscosity v.. 


Figure 13 Entrainment 


measurements 


and § viscosities 
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with 


different 


temperatures 


e) Entrainment with different oil layer thicknesses. 


d) 


Q versus h, data are presented in Figure 12, and indicate that Q is 
independent of h,. Moreover, N(¢,) was independent of h, within the 
applied range h, = 0.2 to 1.2 mm, and the maximum droplet size 
observed (= 1000 um) can be considerably larger than the film 
thickness h.. 

Experiments on oil dispersion in breaking-wave flumes with different 
values of h, were also performed by Bouwmeester and Wallace (1986) and 
Milgram et al. (1978). That the dispersed oil concentration is 
independent of the layer thickness was also found by Bouwmeester et 
al., amd can be observed from the data measured by Milgram et al. 
although tiey did not draw this conclusion. 


Entrainment with different temperatures. 

Q versus T data from experiments with PB, and Ekofisk oil are given in 
Figure 13a. The data are transformed into a Q versus v. diagram in 
Figura 13b, but, apparently, this diagram does not demonstrate «a 
simple relationship between Q and Yo similar to the 
* a (Equation 1) where the viscosity covers 
different oil types and differant temperatures. Nevertheless, Equation 
(1) must be w.lid for the submerged PB, and Ekofisk oil parcels after 


the initial break-up of the coherent surface layer into submerged 


relationship qd. -v 


parcels. Considering the empirical observation of equal maximum 
droplet sizes Guex im ell breaking wave experiments (except for 
differences that can be explained from different rise velocities due 
to different values of Ap), considering the validity of Equation (1), 
and the hypothetical case that the initial break-up of the coherent 
surface layers ia equal in the different experiments, then the 
conclusion must be dcawn that Q - * and, therefore, Q ~ _ (The 
line of argument is described extensively by Delvigne et al. 1987). 
The conclusion is not in sgreement with Figure 13b, probably because 
the break-up from coherent surface layers into submerged oil parcels 
due to breaking waves will depend also on the oil-water density 
difference Ap, the oil surface tension oo and the oil-water 


interfacial tension Cow’ These parameters may be rather different for 
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different types of oil, but hardly changes with varying temperatures, 
see Table 1. The data in Figure 13 are too few and probably too 
inaccurate to demonstrate results by themselves in a clear empirical Q 
versus T relationship, but the following argued relation is in 
reasonable agreement with the measurements: 


-1 
Q- Yo (T) (7) 


where the viscosity v3 (D) varies only with temperature. The agreement 
between Equation (7) and the measured data is shown in Figure 13b. 


4.4 Oil entrainment equations 


The stability of the dispersed oil droplets depends on the following para- 
meters: 
a) intrusion depth in the water mass due to the breaking wave Zi 
b) vertical diffusion coefficient in the ambient water c and 
c) buoyancy of the oil droplets expressed by the rise velocity W(d,). 
The measurements showed submerged oil consisting of droplets in a wide 
size range, including quickly resurfacing oil parcels immediately after 
the breaking wave. Therefore, an applicable entrainment description must 
include the entrainment rate of oil droplets per size class. Considering 
the empirical Equation (3) which deals with the relative number of 
dispersed oil droplets per size class, and that the mass of an oil droplet 
ig proportional to a, then the entrainment rate per size class can be 
given by: 
Q(4,) = clo) D974 9* 74a (8) 
where: Q(d,) = entrained mass of oil droplets with droplet sizes in an 
interval Ad around d,, e.g., the interval d, - hAd to 
d, + hdd, per unit surface area and per breaking event, 
Doe = dissipated breaking wave energy per unit surface area, 
C(o) = proportionality constant. 
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Empirical values of C(o) for various oil types are: 


C(PBy) = 840 (+ 200) 
C(PBi9) = 510 (+ 130) (9). 
C(Ekofisk) = 1800 (+ 450) 


The values in Equation (9) are valid if Q(d,) is expressed in kg/m*s, Dia 
in 3/n*, d, and Ad in metre (m), and if the (small) interval is taken 
asd - Ad tod + hdd. 

° ° 


The values of C(o) in Equation (9) were derived from experiments performed 
at a water temperature of about 13°C. The influence of the temperature on 
Q, as far as could be derived from the experiments carried out in the 
range from 2°C to 15°C (see Figure 13), is expressed by Equation (7) using 
the viscosity ¥,, as the characteristic parameter. Therefore: 


C(o) - vot) (10) 


The oil entrainment Q and the droplet size distribution N(d,) due to 
breaking waves, appeared to be independent of the oil. surface layer 
thickness h,, within the applied range h, = 0.2 to 1.2 mm. No empirical 
data are available for very thin oil surface films where the entrainment 
per breaking event Q is restricted to the volume of the surface slick. It 
is suggested that oil droplet dispersion is assumed to follow the 
empirical relationships developed, for the range from the smallest size 
class to the size at which Q equals the surface slick volume. In fact this 
principle can be applied for all film thicknesses, because for large 
thicknesses, the large droplets computed in this way resurface quickly. 


For practical applications, however, the entrainment rate per unit area, 
Q. (kg/m*s), may be more suitable for describing the dispersion of oil on 
@ sea surface. The entrainment rate Q,(4,) can be described by: 

0.57 0.7 


Q.(4)) = C(o) Dee Sov Fwe 4nd - (11) 
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Q.(4,) = entrainment rate of oil droplets with droplet sizes in an 
interval Ad around do» per unit surface area (kg/m*s), 
s = fraction of sea surface covered by oil (0 $8 $ 1), 
= fraction of sea surface hit by breaking waves (“white- 
caps") per unit time (s7*). 


5. Discussion and Conclusions 


In the process of dispersion of surface oil due to breaking waves, the en- 
trainment Q (= dispersed oil mass per unit surface area per breaking 
event, in kg/m?) depends strongly on the length of time after the passage 
of the breaking wave, due to the resurfacing of large droplets. The 
following description of the entrainment Q and the droplet size 
distribution N..(d.) is adopted for calculations on oil dispersion: 


a) The distribution N.(d,) is all the same within the intrusion depth z, 
for small droplet classes that are not (yet) disturbed by resurfacing 
of droplets. z, in given by Equation (5). 

b) The relative values of N, in the N(d,) distribution of Item a above, 
is given by Equation (3). In principle, Equation (3) can be assumed 
to be valid up to “infinitely” large droplets, but the very large 
droplets resurface almost immediately. 

c) Absolute values of N.(d,) in given circumstances are required for at 
least one small-droplet size class in order to perform dispersion 
calculations. Empirical data are presented in this study in terms of 
Equation (8) and the attendant entrainment coefficients C(o) in 
Equation (9). The influence of temperature is given in Equation (10). 
The entrainment coefficients are independent of the oil surface layer 
thickness and the water salinity. 

d) The distribution N,(d,) within z,; can be made up according to 
sections a, b, and c from the smallest droplet size (in principle, d, 

= 0) until the size where Q equals the mass per unit area of the 

original surface oil. Empirical evidence was obtained for cases with 
surface layer thicknesses in the tenths of millimetres and 
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millimetres range. It is suggested that one use this method for all 
layer thicknesses, including sheen of oil (h, = 10° 
of sheen, the model predicts the full and stable small droplet 


mm). In the case 


dispersion of surface oil hit by a breaking wave. 

e) The stability and vertical diffusion of small oil droplets and the 
resurfacing of large droplets in the residual turbulence conditions 
of the ambient flow after the breaking wave event can be calculated, 
starting from the conditions described in Items a,b,c and d above, 
with the diffusion equation: 

SC oS (SE) + wa.) SE 7 aa) 
where c - c(d.), oil concentration per droplet size class, 

c. = vertical diffusion coefficient, 

W(d,) = terminal velocity of oil droplet with size d.. 

The empirical relationships and coefficients for the dispersion of oil due 

to breaking waves and/or turbulent seawater conditions can be applied in 

mathematical models where the hydrodynamical conditions of the sea are 
known. The hydrodynamical conditions must include the statistics on 
breaking waves on the sea surface (probability of breaking, breaking wave 
energy dissipation), and the diffusion characteristics in the water 
column; a literature study on these subjects was performed by Delvigne, 
Roelvink and Sweeney (1986). 


Lack of empirical data and, therefore, suggestions for future research 

concern the following items: 

a) Dispersion (Q and N.(d.)) of thin oil sheen. In the case of a spill, 
extensive areas of the sea surface can be covered with oil sheen, 
some times due to resurfacing of oil droplets windwards of the 
massive oil slick. The suggestion in the previous section d should be 
checked. 

b) Dispersion of high-viscosity oil and emulsified oil. Fast 
emulsification of surface oil takes place in many field situations 
reducing considerably the dispersion of oil. 
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